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ABSTRACT 
Hydrogeologists have faced serious challenges worldwide in the characterization of 
fractured rock aquifers due to the heterogeneous nature of the imbedded geology. The 
bulk flow parameters in the Karoo strata in South Africa are specifically uncertain 
since most models are based on homogenous block systems. As part of a WRC 
research project, entitled “Measurement of the bulk flow and transport characteristics 
of selected fractured rock aquifer systems in South Africa”, this study focuses on the 
characterization, borehole drilling, flow parameter measurements and groundwater 
quality assessment of the Balfour Formation in the Beaufort Group of the Karoo 
Supergroup in the Eastern Cape, South Africa, which is seriously heterogeneous in 
deposition and has also been largely neglected as drilling targets for groundwater. The 
Balfour Formation comprises mostly mudstone, shale and sandstone, formed in a 
braided and meandering river system.  In addition to the heterogeneous deposition, the 
flow pathways in this aquifer system are not fully understood due to lack of actual 
measurement data.  
 
The methods used in this study include field mapping, site characterization, borehole 
drilling, and pumping and tracer testing in order to obtain the borehole yield, aquifer 
transmissivity, storativity and groundwater flow velocity. In addition, the groundwater 
chemistry was also studied to determine quality for use and possible connectivity with 
the nearby Tyume River and to determine potential sources of groundwater 
contamination. The results obtained include: 1) The study area is predominantly 
mudstone/shale with thin layers and lenses of siltstone and sandstone, which  are 
interbedded; 2) Two boreholes were successfully drilled, which had yields in excess 
II 
 
of 10 l/s in four water levels (at 7, 22, 54 and 65 m); 3) The estimated average 
transmissivity is 246 m
2
/day according to the recovery test; 4) The estimated seepage 
velocity is 120 m/day according to tracer tests in the aquifer between the two 
boreholes which are 5 m apart; and 5) The water chemical type is the combination of 
HCO3
-
, Cl
-
 and SO4
2- 
, which is distinguishable from that of the Tyume river; 6) There 
is no evidence for groundwater recharge to the deep aquifers from the Tyume river, 
based on the differences of the water chemistry; 7) The elements Ca, Cl, Na and C are 
distributed more than 90% as free ion species in BH2 borehole water; and 8) The 
groundwater in BH2 borehole is undersaturated (negative SI) with respect to some 
minerals (for example: anhydrite, fluorite, gypsum and halite), oversaturated (positive 
SI) with respect to some minerals (for example: aragonite, calcite and dolomite). 
 
It is concluded that there is a great potential to obtain drilling targets for high yielding 
boreholes in the sedimentary rocks of the Balfour Formation in the Karoo Supergroup.  
 
Keywords: Balfour Formation; Pumping test; Tracer test; Groundwater chemistry; 
Tyume River, Eastern Cape. 
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1 INTRODUCTION 
1.1 Background of the study 
The main Karoo basin covers approximately 700000 km
2
 in South Africa and consists 
of a total cumulative thickness of about 12 km multi-layers in the southeastern portion 
of the basin, decreasing towards the north (Johnson et al., 1996), while the subbasins 
occur isolated in different regions (Malaza and Zhao, 2010). The sediments deposited 
in a range from the late Carboniferous (300 Ma) to the middle Jurassic (180 Ma) 
period were intruded by dolerite dykes and sills, which induced a complex network of 
fractures inside the surrounding sediments and are responsible for the formation of 
numerous shallow and deep aquifers. In addition, the dolerite dykes and sills also 
control to a large extent the morphology, recharge and drainage patterns at surface 
and have influenced the emergence of many springs and seepages.  
 
This study area is underlain by rocks of the Balfour Formation, which includes 
yellowish and bluish-greenish-grey fine to medium grain sandstones interbedded with 
dark mudstones as the lithostratigraphic unit (Johnson, 1976). These rocks have been 
intruded by the Karoo dolerites which have developed complex fracture systems. A 
number of discontinuous fractures inside the surrounding sedimentary rocks, which 
have a high permeability act as conduits for the groundwater flow within the 
sedimentary rocks, and the fractures formed with the dolerite intrusions always act as 
regional groundwater flow conduits to connect discontinuous fractures, bedding 
planes and joints. Study in boreholes within the University of the Free State shows 
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that the groundwater storage in the Karoo basin is the low permeability sedimentary 
rocks.  
 
The methodologies used in this study can be summarized as follows: Data collection 
and compilation, site selection and characterization, borehole drilling and aquifer 
testing. Data collected included the geological data (geological formations, structure 
lines, and tectonic control lines), hydrogeological data (NGDB database), surface 
water and climate data (contours, spot heights, and topographic base maps) and 
remote-sensing data (satellite image and aerial photos). Three potential sites were 
selected within the study area for the borehole drilling, and based on site 
characterization through data analysis and field investigation, the site within the 
University of Fort Hare was chosen. Two 100 m boreholes with a diameter of 120 mm 
were drilled 5 m separating between the two boreholes. Percussion drilling was 
chosen for both of the boreholes and samples were collected every meter as the depth 
increased. Flow parameter tests were done in the two boreholes. These included: step-
drawndown test, constant rate test and tracer test. At the end, water chemistry analysis 
and potential sources of the groundwater contamination were also conducted. The 
detailed methodologies will be described in individual sections.  
1.2 Problems and Aims 
In the Karoo Basin, the low permeability of aquifers is a most important issue in 
hydrogeology, which definitely influences the uncertainty of groundwater recharge, 
storage and the discharge. Recently, hydrogeologists have largely focused on the 
study of influences of dolerite intrusions on the Karoo aquifers, because the fractures, 
developed in the Karoo intrusion period, enhance the permeability of the Karoo 
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aquifer. However, a huge area is covered by the low permeability rocks of the Balfour 
Formation, consisting of mudstone, shale, and fine to medium grain sandstone, 
according to area geology maps. Only a few researches have been conducted in these 
areas. Therefore, drilling and testing in the Balfour Formation area was necessary.  
 
This project is part of the “Measurement of the bulk flow and transport characteristics 
of selected fractured rock aquifer systems in South Africa”, which includes 
characterization of the Karoo fractured aquifers in the Balfour Formation through site 
selection and characterization, borehole drilling, and flow parameter measurements. 
The objectives are: 1) to qualitatively characterize the local fractured aquifer through 
data collection, geological mapping, and borehole drilling and logging, such as 
geological characteristics including lithologies and its architects, faults, joints, 
bedding plane faulting, and hydrogeological characteristics such as porosity, 
permeability, and geological controls of groundwater; 2) to take quantitative 
parameter measurements including yield, storage, transmissivity, groundwater flow 
direction and velocity; and 3) to do a water quality assessment . 
1.3 Structure of this dissertation 
This dissertation included nine chapters. Chapter 1: General background of this study 
including motivation, aims, objectives and structure of the dissertation; Chapter 
2:Hydrogeological background and literature review including climate information, 
geological information and borehole hydrocensus analysis in this study area,; Chapter 
3:  Methodologies, including a brief introduction to the methods used in this study; 
Chapter 4: Site selection and characterisation, including three potential sites‟ selection 
based on data analysis and field investigation, and final site determination, site 
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characterization, borehole drilling and sampling; Chapter 5: Flow parameter tests, 
including: step-drawndown test, constant rate pumping test, and tracer tests with data 
analysis and explanation; Chapter 6: Groundwater chemistry, mainly comparing the 
water quality of the BH2 borehole with that of the Tyume river. Chapter 7: Discussion, 
mainly discussing the information provided in Chapter 2 with the results from this 
study; Chapter 8: Conclusions, based on the results from borehole drilling and flow 
parameter tests; Chapter 9: Recommendations, and suggestions for a further research. 
A list of references is also displayed, followed by appendixes. 
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2 HYDROGEOLOGICAL BACKGROUND AND LITERATURE REVIEW 
2.1 Geological setting 
2.1.1 Stratigraphy 
The Karoo Supergroup comprises the Groups of Dwyka, Ecca, Beaufort and the 
Formations of Molteno, Elliot and Drakensberg (Table 2-1).  
 
The Dwyka Group (late Carboniferous to early Permian) overlies on the Cape 
Supergroup unconformably and overlies on the Natal Group and Msikaba Formation, 
dominated by diamictite, tillite and shale, deposited in a marine basin (Visser, 1987). 
 
The Permian Ecca Group overlying the Dwyka Group comprises a total of 16 
Formations, six of which are exposed in the Eastern Cape. They are Prince Albert, 
Whitehill, Collingham, Ripon, Fort Brown and Waterford from the bottom to the top. 
 
The Beaufort Group overlying the Ecca Group comprises the lower Adelaide 
Subgroup and upper Tarkastad Subgroup. The late Permian Adelaide Subgroup 
comprises the Koonap, Middleton and Balfour Formations in the southeast area, and 
Abrahamskraal and Teekloof Formations in the west area, and a single Mormandien 
Formation in the north area. The thickness of the Adelaide Subgroup decreases from 
about 5000 m in the southeast to 800 m in the center of the main Karoo basin, and 
more gradually decreases to around 100-200 m in the far north of the main Karoo 
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basin. The late Triassic Molteno Formation attains a maximum thickness of about 600 
m in the south of the outcrop area, where it can be subdivided into five members, and 
is less than 10 m thick in the extreme north of its outcrop area. The late Triassic Elliot 
Formation comprises an alternating sequence of mudstone and subordinate fine to 
medium-grained sandstone, with a maximum thickness of 500 m in the south (Visser 
and Botha, 1980). The late Triassic/early Jurassic Clarens Formation attains a 
thickness of 100 m north and 300 m south of its outcrop area with homogeneous 
siltstone and fine-grained sandstone. The geological stratigraphy of the Karoo 
Supergroup in the Eastern Cape is shown in Table 2-1 and Figure 2-1. 
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Table 2-1: The lithostratigraphy of the Karoo Supergroup in the Eastern Cape.  
SUPERGROUP GROUP SUBGROUP FORMATION MEMBER LITHOLOGY MAXIMUM 
THICKNESS 
(M) 
K 
A 
R 
O 
O 
  Drakensberg  Basalt 
Pyroclastic 
Deposits 
1400 
 Clarens  Sandstone 300 
Elliot  Red 
Mudstone 
Sandstone 
500 
Molteno  Coarse 
Sandstone 
Grey & Khaki 
Shale 
Coal 
Measures 
450 
B 
E 
A 
F 
O 
R 
T 
TAKASTAD Burgersdorp  Red 
Mudstone 
Light Grey 
Sandstone 
Grey Shale 
1000 
Katberg  sandstone 900 
ADELAIDE Balfour Palingkloof Red 
Mudstone 
Grey Shale 
50 
Elandsberg Sandstone 
Siltstone 
700 
Barberskrans Light Grey 
Sandstone 
Khaki Shale 
100 
Daggaboersnek Grey Shale 
Sandstone 
Siltstone 
1200 
oudeberg Light Grey 
Sandstone 
 
100 
Middleton  Grey & Black 
Shale 
1500 
Light Grey 
Sandstone 
Red 
Mudstone 
Koonap  Grey 
Sandstone 
Shale 
1300 
E 
C 
C 
A 
 Waterford 
(Not present in 
Ecca Pass) 
 Sandstone 
Shale 
800 
 Fort Brown  Shale 
Sandstone 
1500 
 Ripon  Sandstone 
Shale 
1000 
 Collingham  Grey Shale 
Yellow 
Claystone 
30 
 Whitehill  Black Shale 
Chert 
70 
 Prince Albert  Khaki Shale 120 
Dwyka    Diamictite, 
Tillite, Shale 
750 
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Figure 2-1: Geological map of the Eastern Cape. 
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2.1.2 Karoo sediment environments 
During the Karoo times, Southern Africa was a lowland area in the middle of the supercontinent 
of Gondwana, and was linked to the present continents of Antarctica, Australia, India, and South 
America. This lowland was bounded by upland area in the north and toward the east, but in the 
south there was a huge mountain chain, which slowly eroded and shed sediment into a vast 
inland sea (Johnson, 1991).  
 
Towards the end of the Carboniferous period, the southern part of the Gondwana migrated over 
the South Pole, resulting in a major ice-sheet over the early Karoo basin and surrounding 
highlands. Lobes of ice entered the Karoo basin from the northwest, north, northeast, east and 
south at different times, as evidenced by the orientation of glacial valleys, and glacial grooves 
and striations on pavements of the older rocks. The melting of these ice sheets resulted in the 
deposition of thick sequences of unsorted sediments containing rock fragments of many different 
shapes and sizes (Visser et al., 1987). The rocks of the Dwyka Group evidence tillite/diamictite 
deposition in this melting period and it is considered that the Dwyka Group in the northern part 
of the main Karoo basin was deposited in an upland region, whereas in the south these rocks 
accumulated on a submerged platform.  
 
As Gondwana migrated further from the polar region, the glaciers receded. In the southern part 
of the basin, presently located in the Eastern and Western Cape provinces, the sediments 
accumulated rapidly due to the uplift of the Cape Fold Belt Mountains; while in the northern part, 
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the sediments were deposited relatively slowly. The sediments deposited in this submarine 
period are known as predominated rocks of the Ecca Group.  
 
As the basin filled with sediments, vast alluvial flood-plains developed during later Permian and 
Triassic times. In the contact zone between the Ecca and the Beaufort Groups, the depositional 
environment changes from mainly submarine to mainly sub-aerial conditions. The rocks of the 
lower Beaufort Group consist predominantly of alternations of cliff-forming sandstones and 
grey-green mudstones that form the characteristic flat-topped hills of the central Karoo region. 
The rocks in the Beaufort Group were deposited by the action of huge, predominantly 
northward-flowing rivers, which periodically shifted their courses. Sandstone has been 
considered as deposited in river channels, while mudstone has been considered as deposited over 
adjacent areas during times of flooding, when rivers burst their banks.  
 
The contact zone between the Beaufort Group and the Molteno Formation represents one of the 
few breaks in the stratigraphy of the Karoo. The Molteno Formation is a result of large braided 
rivers flowing into one another and depositing sediment on a vast plain. The Elliot Formation 
overlies the Molteno Formation and forms a thick sequence of predominantly red-maroon 
mudstone, with interbedded sandstone bodies, which resulted in river systems of high sinuosity 
in a semi-arid to arid environment.  
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The Clarens Formation predominated by sandstone, overlies the Elliot Formation. By the Clarens 
times, the southwestern Gondwana had become a very arid zone, and large-scale dune systems 
began to encroach into the main Karoo Basin from the west.  
 
Towards the middle Jurrassic period, conditions changed rapidly in the Karoo basin; large 
movement of the Earth‟s mantle led to the large-scale lifting of the crust, and massive volumes 
of basaltic magma erupted, forming the Drakensberg Lavas and Lebombo Mountains. The lava 
erupted was fed by numerous intrusions of dolerite, and the outcropping of the dolerite intrusions 
can be seen throughout the main Karoo basin. 
2.1.3 Geology of the Balfour Formation 
The Balfour Formation forms the upper part of the Adelaide Subgroup of the Beaufort Group 
and it is part of what is called lower to middle Beaufort. The lower contact of the Balfour 
Formation with the underlying Middleton Formation was defined as the upward disappearance of 
red mudstones and the appearance of the first prominent sandstone (Johnson, 1976); and the 
upper contact of the Balfour Formation is with bottom of the sandstone-rich Katberg Formation. 
The formation consists of alternating fine-grained lithofeldspathic sandstones and mudstones, 
and the average sandstone percentage is 32%, decreasing towards the west (Johnson, 1976).  
 
Five members were recognized based on detailed lithostratigraphical study in the Balfour 
Formation (Johnson, 1976; Tordiffe, 1978; Visser and Dukas, 1979; Smith et al., 1993; 
Catuneanu and Elango, 2001). They are the members of Oudeberg, Daggaboersnek, 
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Barberskrans, Elandsberg and Palingkloof from bottom to top and were distinguished in terms of 
the varying ratio of sandstone/mudstone and color changes.  
 
The Oudeberg Member is formed with 70% sandstone with subordinate greenish to grey 
mudstones (Tordiffe, 1978). The whole member is between 100 and 150 m thick with the 
thickness being complicated by faulting which causes duplication of strata, and individual 
sandstone units have an average thickness of 40 m (Hill, 1993). The sandstone units are 
massively bedded at the base and grade upwards into ripple-drift-cross lamination and flat 
bedding, and the sandstones are fine to medium grained (Tordiffe, 1978). 
 
The Daggaboersnek Member consists of shale and subordinate thin ripple marked sandstones and 
siltstones (Johnson, 1976; Tordiffe, 1978). It is the thickest of the members of the Balfour 
Formation with a maximum thickness of 1200 m. The sandstone units appear at regular intervals 
and are seldom thicker than 2 m, and these thin sandstone units constitute about 11% of the 
thickness of the Daggaboersnek Member and they are generally tabular and very persistent, with 
common ripple-drift-cross lamination (Johnson, 1976; Tordiffe, 1978; Hill, 1993). The 
mudstones are greenish grey to grey in color and fine grained.  
 
The Barberskrans Member is characterized by thick, laterally persistent fine-grained sandstones. 
Minor greenish-grey mudstones with sandstone occupy only 20% of its thickness. The 
sandstones are green-grey to khaki in color, with the latter being caused mainly by weathering. 
Thickness measurements range from 100 m (SACS, 1980) to 190 m (Tordiffe, 1978). A 
thickness of 130 m was measured along the Alice-Hogsback road and the sandstones are massive 
13 
 
in places with horizontal bedding and ripple-drift-cross lamination is also present 
(Katemaunzanga, 2009). 
 
The Elandsberg Member in the Cradock area consists mainly of greenish-grey mudstone, with 
thin (3-5 m) lenticular sandstone bodies at 20 to 40 m intervals (Hill, 1993). The measured 
thickness of the Elandsberg Member has a maximum of 700 m (Katemaunzanga, 2009), and it is 
getting thin in a westerly direction towards and beyond the Cradock area, where a 200 m was 
measured by Hill (1993). The sandstone units are both tabular and lenticular and they commonly 
have through-cross bedding at the base which grades upwards into ripple-drift-cross lamination 
(Katemaunzanga, 2009). 
 
The Palingkloof Member comprises red and greyish mudstones and light grey sandstones.  It 
ranges from 50 to 120 m in thickness (Johnson, 1976; Tordiffe, 1978), and is very rich in fossils 
that have received much recent research interest as it often straddles the Permo-Triassic 
boundary. It marks the first upward appearance of red mudstones in the Balfour Formation, and 
its upper contact is defined by the sudden dominance of sandstones of the Katberg Formation. 
 
2.1.4 Geomorphology 
The geomorphology of this study area is shown on the scale of catchments (Figure 2-2), which 
represents the different systems with their different hydrogeological characteristics. The 
influences of the geomorphology on the groundwater in this study area can be summarized as: 1) 
determining the groundwater regional flow direction, such as borehole sites are always targeted 
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in the lower valley areas; 2) affecting the groundwater quality, such as groundwater highly 
recharges from the mountain area, and during the flow process from the mountain area to valley 
area, groundwater can carried out the solutes resolving from minerals. 
 
15 
 
 
Figure 2-2: The catchments in the Balfour Formation around the study area. 
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This study area underlies by the Balfour Formation of the Beaufort Group, and focuses on sub-
catchments R10F, Q94A, Q94B, R10G, Q94D, Q94F and R10H. In this study area, dolerites 
occur on the top of the mountains, because they resist together with their affected hosting rocks 
both physical and chemical weathering. Therefore the accordant strike of the mountains implies 
the influences of dolerite intrusions on the geomorphology. In the process, a huge number of 
fractures are developed both in dolerite intrusions and the surrounding sedimentary rocks. These 
generally act as groundwater conduits and storage space from a hydrogeological perspective. 
According to the field investigation of Site 2 and Site 1 in this study, the outcrop of dolerites 
with vertical fractures also plays an important role in groundwater recharging. Also the average 
elevation in this study area increases, as follows the dolerite density from south to north. In this 
study area the highest mountain is located in Hogsback and has an elevation of over 1800 m 
while the lowest area around Alice has an elevation of around 500-600 m. 
 
2.2 HYDROGEOLOGICAL INFORMATION 
2.2.1 Surface Water 
Most of the surface water in the study area consists of perennial rivers, dams and springs (Figure 
2-3). In the rural areas (Figure 2-3), surface water serves as the water resource for drinking water 
and irrigation for small scale farming. Elevation increases from south to north following the 
increasing intruded dolerite density, some ephemeral springs occurring after heavy rainfall in the 
mountain areas, which implies that the water table increases after rain. Spring seepage from the 
high area (Hogsback) also serves as one of the resources for groundwater recharging in the study 
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area, while the rivers also recharge groundwater along this flow route through fractures and rock 
matrixes. 
 
Figure 2-3: The major surface water in this local study area. 
 
Figure 2-3 shows the southern part of the area to clearly be a catchment area with as major rivers: 
the Tyume, Kat and Koonap Rivers, and the northern part comprise a catchment area with as 
major rivers: the Tarka, Swart-Kei and Klipplaat Rivers. The middle part appears to be a good 
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recharge area with dolerite intrusions creating a high land. The dams (Figure 2-3) indicate the 
water in this rural area to be for drinking and irrigation. The springs always seeping out from the 
dolerite intrusions themselves and the sedimentary rocks also imply a water level higher than the 
position of the springs. 
2.2.2 Vegetation 
The vegetation (Figure 2-4) coverage percentage is high in the high elevation area (Hogsback 
forest). It has a high rainfall rate, supplying sufficient water for the vegetation. Other vegetation 
such as crops and orchards are also present. The red color in Figure 2-4 generally reflects grass. 
Usually a high coverage rate of vegetation implies a high rainfall area and/or shallow 
groundwater. In this study, the high elevation area (Hogsback) has a higher rainfall and 
vegetation coverage rate than the lower elevation area as (Alice, King Williamstown, and Fort 
Beaufort), and the spring seepage from the fractures also suggest a shallow water table or 
confined fractures. 
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Figure 2-4: The vegetation in the study area. 
2.2.3 Climate in the Eastern Cape 
The Eastern Cape climate varies considerably in terms of temperature, sunshine and rainfall. The 
eastern coastal regions have hot summers and moderate winters, for example, Port Elizabeth 
experiences a daily average of 7 hours sunshine, while northern regions are much cooler. Certain 
areas receive rain throughout the year albeit erratic. The table below shows the monthly averages 
for the climate of the Eastern Cape: 
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Table 2-2: General climatic information of the Eastern Cape Province. 
Monthly 
Averages 
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Min Max Average 
Ttmperature (OC) 22.1 22.5 21.1 18.7 16.0 14.0 13.8 14.4 16.0 17.7 18.9 20.9 13.8 22.5 18.0 
Sunshine (hour) 221 192 204 219 227 221 237 234 206 209 216 240 204 234 218.8 
Rainfall (mm) 62 76 63 37 30 22 31 57 37 58 72 61 22 76 50.5 
Source: CCWR, 2003. 
 
In the study area (Fort Beaufort-Alice-Hogsback) rainfall varies in the range of 574 - 725 mm 
per year, occurring mostly in the late summer and autumn according to the Computing Center for 
Water Research (CCWR, 2003). 
2.2.4 Borehole Hydrocensus 
Borehole hydrocensus results for a range of longitude from E25
o
 to 28
o
and latitude from S32
o
 to 
33
o
 were taken from the NGDB database of DWAF, showing dolerite sills and ring-complexes as 
in Table 2-3 and Figure 2-5. 
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Table 2-3: Borehole hydrocensus. 
Borehole dataset Number Sum (l/s) 
Borehole yield (l/s) 
Mean Standard deviation Median Maximum Minimum 
No Data or Dry 3098  - - - - - 
Wet 3896  2.03 7.20 0.775 333.33 0.01 
Total 6994 7915.25      
Source: NGDB database, DWAF. Scale: E25
o
-E28
o
 and S 32
o
-S33
o
. 
 
Figure 2-5: Borehole hydrocensus in three map sheets, 3225, 3226 and 3227. 
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Figure 2-6: Borehole information in the three 1:250 000 map sheets from NGDB database. 
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Due to its low primary porosity and permeability, the sediment strata of the Beaufort 
Group is seldom targeted for groundwater (Woodford and Chevallier, 2002), but the 
shallow boreholes, sunk in the weathered zone around 20 m to 30 m deep are sometimes 
sufficient for a wind pump supply of between 0.5 and 1.0 l/s (Vandoolaeghe, 1979, 1980). 
The water yielding capacity of the Karoo sediments may be greatly improved due to 
fracturing, especially close to dolerite dykes. Vandoolaeghe (1980) and Smart (1998) 
concluded from an investigation around Queenstown that boreholes targeting dolerite 
dykes are more successful than other boreholes, providing the medium yields between 4 
and 7 l/s. The big valleys are the preferred drilling targets for groundwater in the Karoo 
with yields of around 2 to 3 l/s in dyke contact aquifers according to Woodford and 
Chevallier (2002). Very few boreholes target the water-bearing portions of dolerite sills 
and rings (Chevallier et al., 2001). Some boreholes located within the vicinity of these 
dolerites are not drilled deep enough to adequately test water-bearing potential.  
 
2.2.5 Fractured aquifer in the Karoo Supergroup  
The characteristics of the Karoo aquifers, an important type in South Africa, are difficult 
to interpret due to its tectonic, multi-layers and deep fractured structures. The typical 
fractured aquifer in South Africa is usually recognized as semi-confined aquifer, which is 
bounded above by a water table matrix aquifer, and different scale fractures in the matrix 
aquifer always intersect the large fractures. The major groundwater storage space is the 
sedimentary matrix while the fractures mainly act as groundwater flow conduits (Botha et 
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al, 2000). Currently, the challenge facing researchers is to understand the behavior of 
these Karoo fractured aquifers.  
 
The Karoo fractured rock aquifer systems are: 1) shallow, unconfined to semi-confined 
aquifers, which are composed of well jointed and weathered rock, being developed 
mainly during the processes of local structural weathering, and erosional unloading etc., 
and 2) a deeper-seated semi-confined to confined aquifer, which is composed of discrete 
fractured rocks associated with regional structural features, being formed within the 
current and/or a previous regional tectonic regime.  
 
The aperture and extent of water-yielding fractures in the Karoo formations are limited, 
and unable to store large quantities of water (Botha et al., 1998). The further study of the 
University of the Free State campus boreholes suggested the further conclusions: 1) 
groundwater in the Karoo aquifers must be stored mainly in sedimentary rocks rather 
than in the fractures; 2) the fractures in the Karoo aquifers are not the main storage units 
for water rather than act as the conduits of groundwater flow from rock matrix to 
boreholes.  
 
In the above study of the Karoo aquifers, remote sensing, lineament mapping and tectonic 
analysis are commonly used to describe the aquifer behavior in a regional scale. Then 
models, cross sections and geophysical methods are used to investigate the particular site. 
25 
 
Information obtained for the special sites is then inversely used to understand regional 
aquifer behavior.  
 
The behavior of the Karoo aquifers is ultimately determined by their unusual geometry, 
particularly where horizontal, bedding-parallel fractures are present. These features of the 
Karoo aquifers provided not only the conduits for water to boreholes, but also play a 
prominent role in the interactions responsible for the behavior of these aquifers. The 
interactions of fractures control the water flow model, which is not radial and horizontal, 
but linear and vertical.  
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3 METHODOLOGIES 
This study builds on both desktop and field studies. Desktop work includes 1) data 
collecting and interpretation of previous data such as potential borehole sites and 
hydrogeological data; 2) remote sensing; while field studies include potential borehole 
sites investigation, borehole drilling, flow parameter testing, and groundwater sample 
collection and water chemical analyses.  
3.1 Desktop study 
The literature review shows that few hydrogeological studies have been conducted in the 
Balfour Formation, and that most of the previous studies focused on geology, such as 
lithology and stratigraphy studies rather than hydrogeology. Certain papers on the 
Balfour Formation, NGDB database of the Eastern Cape, some private borehole 
information, satellite images and aerial photos with 1:50000 topographical maps have 
been consulted.  
3.1.1 Remote sensing 
Satellite images acquired from Google Earth were used to map the different geological 
units and structures by geo-referencing on the digital geology map, and boreholes 
recorded in the NGDB database and collected private boreholes were plotted on the map 
to predict the hydrogeological properties. 
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3.1.2 Borehole hydrocensus 
Boreholes in the study area were chosen from the NGDB database and classified by 
sustainable yield, plotted in MS Excel with percentages. The sustainable yield of the 
different boreholes recorded was combined with the geology map to predict the possible 
fractures in different areas. 
3.2 Field study 
A number of field traverses were made to investigate the 3 potential borehole sites 
suggested by the remote sensing in this study. Detailed geological and hydrogeological 
information was gathered in the field to determine one site for drilling.  Borehole drilling 
and aquifer tests are as below. 
3.2.1 Borehole drilling 
Two boreholes, 5 m apart, 100 m deep and 120 mm of the diameter, were drilled for this 
study. Percussion drilling was selected because it is inexpensive and possible to obtain 
the geological logs. However the interpretation may be difficult, especially where the 
boundaries of geological units are not clear. Samples were collected at every meter to 
indentify the geological units and for further geochemical study. Blow yield tests were 
conducted during the drilling process to indentify water strikes.  
3.2.2 Flow parameters tests 
Aquifer pump tests are essential to determine aquifer parameters. The pump tests were 
conducted following the procedure by Van Tonder et al (2001a): 1) choice of pump size, 
28 
 
possibly with high discharge rate; 2) calibration test; 3) determining the duration of 
pumping test; 4) measuring drawdown during the pumping period; 5) measurement of 
recovery on stopping the pump until 95% of the recovery has been achieved. During the 
pump test phase, step-drawdown, constant rate and tracer tests were conducted. 
3.2.2.1 Electrical Conductivity (EC) profiling 
EC profiling is a geophysical tool to investigate geological structures by explaining the 
observed anomalies. However, explanations for a single exhibited anomaly are always 
various, and need to be compared with geological logs to identify the geological 
structures. EC profiling was done before pump testing to identify possible geological 
structures taking note of the recorded geological information, and to check the 
groundwater flow parameters during all the tracer tests.  
3.2.2.2 Step-Drawdown pumping test 
Step-Drawdown testing is sufficient to determine the borehole yield and borehole 
efficiency and possibly to obtain the aquifer transmissivity and storativity, given the 
measured drawdown and recovery data. Step-Drawdown testing was done at four 
different abstraction rates (from low to high): first abstraction from borehole at discharge 
rate (0.86 l/s) for 60 minutes; increased discharge rate to (2.49 l/s) for another 60 minutes; 
increased discharge rate to (3.86 l/s) for another 60minutes and increased discharge rate 
to (5 l/s) for another 60 minutes. The step size was kept constant. The data obtained in the 
Step-drawdown test was analyzed according to Hantush (1964) and Bierschenk (1963) 
suggested procedure. 
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3.2.2.3 Constant rate pumping test 
The constant rate pumping test is commonly used to estimate aquifer parameters and 
long-term sustainable yield. A constant pumping test was divided into two phases: 
pumping and recovery phases. During the pumping phase, the discharge rate was 
controlled at a certain rate and the water level in both abstraction borehole (BH2 borehole) 
and observation boreholes (BH1 borehole) were recorded. After the pump switched off, 
recovery continues until the water level recovered to the natural level. Following the 
pumping tests, the raw data was collected from the pump test contractor, and prepared for 
analysis. The Flow Characteristic (FC) method, developed by Van Tonder et al (2001b) 
was used to estimate the aquifer parameters.  
3.2.2.4 Tracer test 
Tracer tests are conducted in this study to determine mass transport parameters. 
Following Riemann‟s tracer test procedures suggested in 2002, three tracer tests were 
conducted at 67 m (once) and 54 m (twice). During the test, samples were collected from 
the outlet of the pump to conduct concentration analysis of the tracers.  The data was 
analyzed by the Tracer Excel program, developed by Riemann (2002).  
3.2.3 Groundwater chemistry analysis 
Groundwater chemistry analyses were conducted for a comparison with the Tyume River 
water chemistry and to determine the potential sources of groundwater contamination. 
Water sample chemistry data were explained by plotting on Pipe Diagram, Durov 
Diagram and Stiff Diagram. TDS, pH and other chemistry data were also analyzed 
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according to the South African water quality guidelines (SAWQG, 1996), while 
PHREEQC was run to determine the chemical speciation and mineral saturation indices. 
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4 SITE SELECTION, CHARACTERIZATION AND DRILLING 
4.1 Site selection 
Based on the data analysis and field investigations in the study area, three sites were 
selected for potential borehole drilling. Figure 4-1 shows the location and basic 
geological information of the three potential sites. 
 
Figure 4-1: Potential sites location with basic geological information. 
 
Site 1 is located in a private farm in Hogsback, about 30 km to the north of Alice. Some 
springs seep out in the surrounding mountainous area. The famous “Collin” water is 
bottled on this farm. Site 1 underlies by the Katberg Formation, which is dominated by 
thick sandstone with dolerite intrusions. The sandstone/mudstone ratios found in the 
Katberg Formation range from over 90% along the coastal area to about 30-35% on the 
northern boundary, and according to Johnson (1976), the thickness of the Katberg 
Site 2 
Site 1 
Site 3 
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Formation ranges from 400 to 1000 m. Dolerite intrusion always appears on the top of the 
mountains, or is covered by horizontal layered sandstone at the top of the mountain. 
Vertical fractures with a visible aperture are common in both dolerite intrusions and 
surrounding thick sandstone, which suggests hydrogeological conditions sufficient for 
water recharging. However, horizontal fractures appear with limited extensions, except 
for bedding planes. 
 
Site 2 is also situated in a private farm, about 10 km away to the northeast of Fort 
Beaufort. The landscape in the vicinity of site 2 is characterized by a narrow valley 300 
to 600 m wide, situated between two mountains (dolerite outcropping on the top). The 
extent of this valley is almost 3 km along the Kat River and the road R67. Site 2 
comprises the crystalline rocks including mudstone, shale and lens shaped sandstone in 
the Balfour Formation. During the field investigation of site 2, bedding planes were 
observed almost horizontal, and limited vertical fractures were also noticed in the thin 
sandstone layers, which would allow groundwater to flow through fractures between the 
layers.  
 
Site 3 is situated inside the University of Fort Hare ground in Alice. Geomorphologically, 
site 3 is located in the lower part of the Tyume valley, bounded by a Quaternary 
Formation and the Tyume River to the west of the site and is surrounded by mountains 
with dolerites outcropping. Site 3 is also underlain by the Balfour Formation. One profile 
from site 3 to the top of Steward Memorial Mountain was clearly established. However, it 
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was more difficult to locate the borehole site for groundwater drilling, because of the 
high mudstone/sandstone ratio, interbedding layers and the lens shaped layers of 
sandstone in the area.  
 
Following comparison of the three potential sites in terms of the results from data 
analysis and field investigations, site 3 was chosen for the actual drilling site, for the 
following reasons:  
 Located in the typical Balfour Formation, the results of which may help 
hydrogeologists to site borehole/well positions in this area; 
 The recharge conditions in the area are promising by valley nature; 
 Close to the Tyume River, so that flow directions are quite certain; 
 Located on the Fort Hare University campus, easy to access in future, and a good 
site for field practices for students; 
 Close to the research farm of the Fort Hare University, and the groundwater 
analysis can be used to investigate the influence of the fertilizer used in the farm 
on groundwater quality; 
 
Site 3, the chosen site for drilling is characterized here. Characterization of sites 1 and 2 
may be found in appendix 5. 
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4.2 Site characterization of the selected Site 3 
4.2.1 General information 
Site 3 is located in the Alice campus ground of the Fort Hare University. Figure 4-2 
shows the position of site 3 at the Fort Hare University. 
 
Figure 4-2: Position for the borehole drilling in UFH, Alice Campus. Source: Google 
Earth. 
 
Site 3 is situated in the low lying area of the valley and attains an elevation of around 892 
m while the high land of the Hogsback attains an average elevation of above 1200 m. In 
this study area, the landscape is controlled by dolerite intrusions; Site 3 being located in a 
low area between the mountains. The national rainfall map (From WR 90) shows that the 
mean annual rainfall in this area is about 570 mm. The surface water in the area of Site 3 
Borehole 
position 
Tyume 
River 
35 
 
consists of the perennial Tyume River, some dams along the Tyume River and some 
seasonal rivers. 
4.2.2 Geological information 
The general geology of the study area of Site 3 (Figure 4-1) can be characterized as the 
typical Balfour Formation and is surrounded by dolerite intrusions. Previous studies of 
the Balfour Formation (Johnson, 1976; Tordiffe, 1978; Visser and Dukas, 1979; SACS, 
1980; Katemaunzanga, 2009) show that site 3 is located in the Daggaboersnek member of 
the Balfour Formation, which consists of mudstone, shale and subordinate thin ripple 
marked sandstones and siltstones. Katemaunzanga (2009) observed that the ratio of 
sandstone/mudstone is very low in the Daggaboersnek member. These thin sandstones 
generally appear at regular intervals and are seldom thicker than 2 m. The mudstones are 
greenish grey to grey in color and have an average thickness of about 15 – 20 m.  
 
In the area of Site 3, the sedimentary layers are clearly alternated by mudstone and 
sandstone, dominated by greenish-grey, medium weathered and fine grained mudstone 
(Figure 4-3), while the sedimentary rocks are covered by top soil and clay. The 
surrounding mountains are outcropped with dolerite sills. Comparing the dolerite 
intrusions at Site 3 with the one to its north (Site 1), the horizontally and gently inclined 
dolerite sills at Site 3 only appeared on the top of the mountains, but without dolerite 
dykes. To the southwest of Site 3, a small area is characterized as the Quaternary 
deposition with a thickness of about 10m (measured from the bank of Tyume River, and 
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Site 3 is located at the boundary of the Quaternary deposition and the sedimentary rocks 
of the Balfour Formation.  
 
One geological profile was done at the Alice Campus, along the famous Stewart 
Memorial Mountain up to the top. The covered soil and geological layers were 
investigated, and the main geological information was included in the profile, barring the 
covered soil, which is discontinuously on the surface and varies in thickness from place 
to place. However, the thickness of the covered soil was measured at three different 
points only, from the Quaternary deposition to the top of the mountain because of the 
coverage of grass.  
 
Figure 4-3: Profile of the Stewart Memorial Mountain from the bottom to the top in Alice 
Campus at University of Fort Hare. 
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Two sites were measured in the Quaternary deposits for thickness of the covered soil (1.4 
m and 3.0 m), respectively. The thickness of the covered soil is related to the 
geomorphology of the location. Figure 4-3 shows that the sedimentary layers are clearly 
alternating mudstone and sandstone, dominated by greenish-grey, medium weathered and 
fine grained mudstone. The dip angle changed between segments 2-3 and 3-4. At 
segment 9-10, the dolerite dyke intruded with a dip direction of 150
o
 and a dip angel of 
45
o
, while at the two sides of the dolerite dyke, the mudstones were disturbed. During the 
segments 9-10 and 10-11, a very thin sandstone layer is on top of the mudstone, and 
interestingly, here is the quartz vein parallel to the layer surfaces, leaked out from some 
small fractures in the thick mudstone layers. The profile shows the sandstone/mudstone 
ratio to be very small; the porosity of the rock matrix is accordingly controlled by the 
mudstone. This area is located in the sub-catchment R10H, and as shown in Figure 4-1, 
the borehole area is located between two continuous dolerite intrusions.  
4.2.3 Hydrogeological information 
The low porosity mudstone, dominating this study area affects groundwater storage and 
flow. The multi-layered sandstones with variable thicknesses (usually less than 2 m) and 
the complicate beddings also complicated the behavior of the groundwater flow. The 
dolerite sills outcropped in the vicinity of the study area, which generally act as the 
groundwater barrier. Since this area is dominated by low porosity sedimentary rocks, the 
fractures play a more important role in groundwater flow.  
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Research showed most previously drilled boreholes in the area of Site 3 to be no longer 
productive. One possible reason may be groundwater level in relation to pump position; 
on the other hand, the deformation of the aquifer closed the sufficient flow path of 
groundwater, so that the water level is lower than the pump position. It was not possible 
to remove the pumps from the boreholes which are no longer working to check the water 
level and do some other tests, for lacking of permission from their villages.  
 
The two boreholes are situated at an average distance of 15 m from the bank of the 
Tyume River. It is regrettable that the boreholes were sunk so close to the river. The plan 
was to drill about 300 m away from the river, but due to refusal by the University 
authorities, this could not be done.  
4.3 Borehole drilling 
4.3.1 Introduction 
Diamond drilling is an effective tool where detailed structural geologic analysis is 
necessary to identify and quantify contaminant migration pathways (Bunker, 1998). 
Structural and lithologic information obtained from oriented cores provide an 
understanding of migration pathways, even more so with regard to fracture networks 
which are hydraulically very conductive. However, due to its budget limitation, it was not 
possible to do diamond drilling in this study. Percussion drilling is inexpensive and 
borehole logging is also possible. However, explanation will be very difficult, because 
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most of the drilling cuttings are crushed to small chips which prevent reorganization of 
the structures of geology units.  
 
Two percussion boreholes were drilled in the Alice Campus of the University of Fort 
Hare with 5 m apart and at a depth of 100 m each and a diameter of 120 mm. Samples 
were collected in every meter. The drilling was done by 6 workers of the Drilling Africa 
Trust Company in light rain weather conditions between the 9
th
 and the 17
th
 of December 
of 2009.  
4.3.2 Drilling and core sampling 
Photos of the drilling process and samples are shown in Figure 4-4. Figure 4-4a shows 
the strike at 54 m deep, and the highest strike is at 65 m as in Figure 4-4b. Figure 4-4c 
shows the position of the two boreholes; the distance between the two boreholes being 5 
m. Figure 4-4d shows samples of the core chips. 
 
 
(b) (a) 
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4.3.2.1 Borehole 1 
The BH1 borehole drilling and sampling results at water strike levels are reflected in 
Table 4-1 and a simple borehole logging of BH1 is shown in Figure 4-5: 
Table 4-1: Drilling and sampling results at the water strike level in BH1 borehole. 
Depth of water 
strike (m) 
Lithology Possible structures and description 
Blow yield 
(l/h) 
6 (water table) Thin sandstone Same level as Tyume River. 
Water, but 
no test 
8 
Loose mudstone and 
sandstone chips 
Unconsolidated formation, difficult to drill 
through. 
Water strike, 
no test 
22 Mudstone Bedding plane, water increased. 
No water 
strike 
54 
Mudstone with some 
sandstone chips 
Bedding plane or fracture, a jump water 
strike. 
24000 
65 
Mudstone with some 
sandstone chips 
Bedding plane or fracture, a jump water 
strike, with some weathered chips 
36000 
 
2 1 
(d) (c) 
 
 Figure 4-4: Showing the borehole drilling and the borehole sites and samples. (a) 
54 m deep; (b) 64 m deep; (c) Sites of borehole 1 and 2 with a 5 m distance 
between the two boreholes; (d) Sampling in every meter. 
41 
 
 
Figure 4-5: BH1 borehole logging with water strikes. 
 
The water table is at 6 m, being the same elevation as the Tyume River. The top soil layer 
is almost 1 m thick from the surface and the clay under the top soil is almost 4 m thick. 
Sedimentary rocks, dominated by mudstone, mixed with some sandstone chips and few 
shale chips were recovered during sampling. 
 
The drilling was impeded by the unconsolidated formation at 8 m, at which 177 steel 
pipes were used to stabilize the unconsolidated formation up to 10 m. At 22 m, the 
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borehole yield increased with the lithology changing from thin sandstone to fine grain 
mudstone. It was expected that a fracture or bedding plane might have been intersected at 
this depth. At 54 m, a blow yield test was carried out and 24000 l/h was obtained from 
the test. Another blow yield test was carried out at a depth of 65 m, and yielded 36000 l/h. 
At 65 m, some weathered pieces of mudstone appeared in the samples. It was suspected 
that the borehole was partially collapsing between 54 and 65 m. To prevent the collapse, 
68 m of PVC piping (diameter 110 mm) was installed with 12 m plain at the top and 56 
m perforated to sustain the borehole. The borehole may have been drilled through an 
open fracture. Based on the records taken during drilling, only a rough borehole logging 
is displayed in Figure 4-5; there were no funds to allow for further geophysical survey to 
gain more geological information from the borehole except the EC Profiling, while the 
PVC pipe prevented the use of borehole video tool. The same problems also occurred 
with the BH2 borehole. 
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4.3.2.2 Borehole 2 
The borehole 2 drilling and sampling results at the water strike level are shown in Table 
4-2 and a simple BH2 borehole logging is reflected in Figure 4-6: 
Table 4-2: Drilling and sampling results at the water strike level in BH2 borehole. 
Depth of water 
strike (m) 
Lithology Possible structures and description 
Blow yield 
(l/h) 
6 (water table) Clay Same level as Tyume River. 
Water, but no 
test 
7 Clay Connection between the clay with sandstone 
Water strike, no 
test 
22 
Mudstone with 
some sandstone 
chips 
Mudstone and few sandstone chips No water strike 
54 
Mudstone with 
some sandstone 
chips 
Bedding plane or fracture, a jump water strike. 24000 
65 
Mudstone with 
some sandstone 
chips 
Bedding plane or fracture, a jump water strike, 
with some weathered chips 
36000 
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Figure 4-6: BH2 borehole logging with water strikes. 
 
The water table is at 6 m, being the same elevation as the Tyume River to the left. The 
top soil layer is almost 1 m thick from the surface and the clay under the top soil is 
almost 6 m thick. Sedimentary rocks dominated by mudstone and shale, mixed with some 
sandstone chips appearing during sampling. Between the bottom clay and the lower 
sandstone layer, some unconsolidated chips appeared, and this section was blocked using 
177 mm steel pipes (plain) to a depth of 13 m. At 54 m, a blow yield test was carried out, 
and 24000 l/h was obtained from the test. Another blow yield test was carried out at a 
depth of 65 m, which yielded 36000 l/h. At 65 m, some weathered pieces of mudstone 
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appeared in the samples. As with BH1 borehole, it was suspected that BH2 borehole was 
also collapsing on itself between 54 to 65 m. To prevent the collapse, 100 m of PVC 
piping (diameter 110 mm) was installed with 12 m plain at the top and 88 m perforated to 
sustain the borehole. Drilling may have gone through the same fracture as did in BH1 
borehole. 
4.3.3 Summary of borehole drilling 
Two boreholes have the same water table at 6 m. In BH1 borehole, four water strikes 
occurred (8, 22, 54 and 65 m) as opposed to three water strikes (7, 54 and 66 m) in BH2 
borehole during the drilling. Due to very similar depth of water strikes in the two 
boreholes, the extra water strike at 22 m in BH1 borehole might be affected by a bedding 
plane fracture or a perched sandstone layer (upper or lower). At 54 m, the two boreholes 
gave the same blow yield of 24000 l/h, which is a large blow yield for an aquifer in the 
Balfour Formation. The high blow yields suggest that the two boreholes may be 
connected by a fracture at this level. At 65 m, an increased blow yield of 36000 l/h was 
obtained in both of the boreholes, suggesting the two boreholes are most possibly 
connected by another fracture or fracture zones. Another factor, suggesting that the 
boreholes are connected is that during the drilling of BH2 borehole, water shot out of 
BH1 borehole. The formation between 54 and 65 m is very loose which means that it is 
possibly well fractured.  When compared with the mean value of the wet boreholes in 
Sub-catchment R10H, it is clear that these two boreholes have a very high blow yield. 
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5 FLOW PARAMETER TESTS 
5.1 Introduction 
Aquifer tests were conducted on the two boreholes drilled in Alice campus of the 
University of Fort Hare with the main objectives being to estimate aquifer and 
groundwater transport parameters, including transmissivity, storativity, Darcy velocity 
and dispersion. Pumping tests followed the guidelines suggested by Van Tonder et al 
(2001a). Locality of the boreholes, used for aquifer tests is shown in Figure 5-1. Step-
drawndown pumping test, constant-rate pumping test, point dilution and radial 
convergent tests were all conducted at the University of Fort Hare boreholes from the 23
th
 
to the 26
th
 of February 2010. 
 
The Step-drawndown pumping test was conducted to determine the borehole yield prior 
to constant rate pumping test. With different pumping rates, the measured drawdown and 
recovery may be related to the hydraulic properties of the aquifer such as transmissivity 
and storativity. From the different responses at the different discharge rates the efficiency 
of the borehole may be calculated.  
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Figure 5-1: Locality of the boreholes used for aquifer tests at Fort Hare University. 
 
Constant rate pumping test is the most common hydraulic test, where water is pumped 
out from the abstraction borehole at a constant rate (Figure 5-2) and the drawdown is 
measured from both the abstraction and the observation boreholes.  
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Figure 5-2: Constant rate outflow from constant pumping test (Field Photo). 
 
The constant rate pumping test was conducted in combination with tracer tests to estimate 
the aquifer and mass transport parameters respectively. One point dilution tracer test was 
conducted in BH1 borehole to estimate the natural groundwater flow velocity. Radial 
convergent tracer tests were conducted as part of the hydraulic characterization to 
determine the effective porosity and seepage velocity. The test sections were selected in 
terms of the EC profiles and water strikes recorded during borehole drilling.  
5.2 Electrical Conductivity (EC) Profiling 
Borehole geophysics logs can provide unbiased continuous and in-situ data and give a 
potential choice to look forward the sidewalls. It is however important to note that 
borehole geophysics log interpretation is more of an art rather than a science because 
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different phenomena can cause similar log responses (Welenco, 1996). EC profiling was 
operated in the University of Fort Hare boreholes. 
 
Electrical conductivity profiling was conducted in both boreholes. It is important to have 
an EC profile before starting the aquifer tests. The EC profiling may provide a simple 
overview of the borehole‟s geological features relating to fractures in the rocks around 
the borehole. The EC profiles of natural water in boreholes can be used to identify water 
sources, routing and sinks in boreholes. 
5.2.1 Electrical Conductivity (EC) Profiling in BH1 borehole 
EC Profiling was carried out first in BH1 borehole using a manual Temperature Level 
and Conductivity (TLC) meter (Figure 5-3). The BH1 borehole is closest to the Tyume 
River (about 15 m measured at the elevation of the borehole). The water level measured 
in the borehole from the top of the steel case is 6.57 m.  
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Figure 5-3: Electrical conductivity profiling with a TLC meter at the University of Fort 
Hare in Alice campus test site (Field Photo). 
 
Figure 5-4 shows the EC profile with the natural water in BH1 borehole from 60 to 70 m. 
Unfortunately, nothing was significant at the range from 54 to 65 m (the loose fractured 
zone recorded during drilling), where the EC profile displays an almost straight line. The 
EC profile shows an increase in EC from about 53 m that increases up to 62 m. The EC 
anomaly at 53 m can be attributed mainly to the water strike recorded at that depth during 
borehole drilling. That main water strike may be attributed mainly to the existence of a 
bedding plane fracture in the typical Karoo fractured aquifers. Considering that the EC 
profiling in BH1 borehole was only conducted after all the testing (Figure 5-5), it is most 
likely that the intersected bedding plane fracture conveys typically high EC bromide and 
chloride tracers.  
TLC meter 
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Figure 5-4: EC profile in BH1 borehole from 60 to 70 m with an internal of 10 cm, before 
all the tests. 
 
Figure 5-5: EC profile in BH1 borehole conducted after all the testing. 
 
Possible reasons for the differences between the EC and the drilling records are that: the 
TLC meter had a problem; the PVC pipe had insufficient cuttings to allow the water 
seeping into to the borehole from the surrounding sedimentary aquifer; the groundwater 
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flow has a lower velocity; and the groundwater recharged from the surrounding 
sedimentary aquifer was diluted in this level. 
5.2.2 Electrical Conductivity (EC) profiling in BH2 borehole 
EC Profiling was carried out in BH2 borehole after a calibration of the two TLC meters, 
which both worked fine. BH2 borehole is almost 18 m horizontally away from the Tyume 
River. The water level in BH2 borehole measured from the top is 6.47 m with a 
collapsing range from 54 to 65 m, which was sorted out by PVC pipe to the bottom of the 
borehole. Unfortunately, only a small change at 54 m deep appeared on the EC profile, a 
gent line was obtained in the other ranges. The potential reasons are same as those listed 
for BH1 borehole. 
5.3 Pumping test 
5.3.1 Introduction 
An aquifer pumping test is essential for new boreholes to determine the aquifer properties, 
which can be used to infer the groundwater flow, contaminant transportation, and 
properties of the aquifers. In general, the objectives of a pumping test are: 1) to obtain an 
understanding of the aquifer; 2) to quantify the aquifer‟s hydraulic and physical 
properties; and 3) to determine the sustainable yield and efficiency of a borehole. With 
regard to the aquifer properties, pumping tests can yield information such as the hydraulic 
conductivity, transitivity and storage (Kruseman et al, 1999), and which is essential for 
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efficient aquifer and well management. Pumping tests are also useful to locate potential 
fracture positions that contribute to the groundwater flow in the aquifers.  
 
Prior to the tests, the choice of pump must be made relative to the potential efficiency and 
the diameter of the borehole. PVC pipes were used in both BH1 and BH2 boreholes to 
protect against borehole collapse. The maximum diameter of the PVC pipe is 110 mm for 
BH1 borehole and 117 mm for BH2 borehole. As a result, only a pump with a diameter 
less than 110 mm could be selected, due to which the pump was chosen only with a 
maximum pump rate of 5 l/s for this multi-rate pumping test.  However, the blow yield 
recorded in the borehole drilling report is 24000 l/h (6.7 l/s) and 36000 l/h (10 l/s) at the 
depth of 54 and 65 m, respectively, suggesting that the maximum pumping rate should be 
more than 10 l/s to obtain a valuable drawn down.  
5.3.2 Step-Drawdown Pumping Test 
A Step-Drawdown Pumping Test was carried out later for the BH2 borehole, to 
determine its yield and efficiency. The Step-Drawdown Pumping Test was conducted by 
AB PUMPS Company from East London, which is specialized at aquifer pumping tests.  
 
BH2 borehole was chosen as the abstraction borehole and BH1 borehole as observation 
borehole for two reasons: 1) BH1 borehole is located upstream as compared with BH2 
borehole; 2) the diameter of the PVC pipe limited the pump installation in BH1 borehole. 
The pump setup in BH2 borehole achieved a depth of 74.87 m from surface. This is also 
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planned for the tracer test. One water level recorder was setup in BH2 borehole while the 
water level in BH1 borehole measured by a manual TLC meter.  
 
Figure 5-6 shows the Step-Drawdown pumping test graph extrapolating through the 
plotted data of each step to the end of the next one. The pumping rate was increased from 
0.86, 2.49, 3.68 to 5.00 l/s. The pumping continued for 60 minutes at each pumping rate. 
After the water level almost stabilized, the pump was switched off and the water level 
recovery returned to the stage before pumping after 100 minutes. 
 
Figure 5-6: Step-Drawdown Pumping Tests of the University of Fort Hare boreholes with 
an increasing pumping rate 0.86 (step1), 2.49 (step 2), 3.68 (step 3) and 5.00 l/s (step 4) 
for 60 minutes at each pumping rate. 
 
The same Figure (Figure 5-6), observed drawdown data Sw (m) versus time t (min) was 
plotted on a semi-log paper and the curve was extrapolated through the plotted data of 
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each step to the end of the next one following the procedure suggested by Hantush (1964) 
and Bierschenk‟s (1963). Continuing with the procedure by fitting Hantush (1964) 
expressed drawdown Sw(n) in a well during the n-th step of a step drawdown test: 
      ∑               
 
       
  (Based on Jacob‟s equation) 
Where: 
sw(n) is the total drawdown in the well during the n-th step at time t; 
rew is the effective radius of the well; 
ti is the time at which the i-th step begins (ti = 0); 
Qn is the constant discharge during the i-th step of that preceding the n-th step; 
            is the discharge increment beginning at time ti. 
A drawdown equation for BH2 borehole was obtained as:  
Sw = (2.2*10
-3
)*Q + (7.86*10
-6
)*Q
2
 (t = 60 minutes) 
Where: 
Sw is the drawdown in BH2 borehole (m) for every 60 minutes; 
Q is the discharge rate (m
3
/min). 
Therefore, the BH2 borehole efficiency (%) for a specific Q can be expressed as: 
 
BH2 borehole efficiency (%) = [(2.2*10
-3
)*Q/[(2.2*10
-3
)*Q+(7.86*10
-6
)*Q
2
)]*100% 
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5.3.3 Constant Rate Pumping Test 
The constant rate pumping test comprises two phases: The first being the pumping phase; 
The second being recovery. A water level in BH2 borehole is measured prior to the test, 
during pumping, and after the pump being turned off, until the water level was recovered 
what it was before the pump was turned on. The pumping phase lasted for 24 hours in 
BH2 borehole with a pumping rate of 5 l/s; the water level was measured in both 
boreholes as per the record sheet schedule. The „recovery‟ phase (pump off) is as 
important as the pumping stage, since poor „recovery‟ data may compromise the outcome; 
the recovery phase was combined until the groundwater level had returned to the pre-test 
levels (from 25
th
, 15:30PM, of February to 26
th
, 07:30AM, of February, 2010). Related 
data recorded during site testing is provided in appendix 3, and plotted in Figure 5-7 and 
appendix 1. 
 
In unconfined aquifers, time-drawdown curves on log-log paper usually show a typical S-
shape, with three distinct segments: a steep early-time segment, a flat intermediate-time 
segment, and a relatively steep late-time segment. The explanation for this S-shaped 
time-drawdown curve is based on the concept of „delayed water table response‟, which 
was first introduced by Boulton (1954, 1963) and further developed by Neuman (1972, 
1973, 1979), Streltsove (1972a and b, 1973, 1976) and Gambolati (1976).  
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Figure 5-7: Showing the constant pumping rate test (Q=5.00 l/s with the data of 
drawdown s (m) versus the time t (minute) in BH2 borehole. 
 
According to the concept of delayed water table response, the time-drawdown curve of 
BH2 borehole can be explained as follows: The steep early-time segment of the curve 
lasts about 20 minutes, where the water produced by the well is released instantaneously 
from storage by the expansion of the water and the compaction of the aquifer; The second, 
almost flat intermediate-time segment lasts from 20 minutes to the end of the test, and 
reflects the effects of dewatering and fast flow from the fractures accompanies the falling 
water table, a stage lasting a few minutes to a few hours; The third relatively steep late-
time segment reflects the situation where the flow in the aquifer is essentially horizontal 
again. This is not reflected on the Figure 5-7 due to time limitation for the test.  
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Figure 5-8: Late time Cooper-Jacob fit on BH2 borehole (Abstraction borehole) 
drawdown. 
 
The Flow Characteristic (FC) method, developed by Van Tonder et al. (2001b) was used 
to estimate the aquifer formation parameters, which yielded an abstraction rate for 24 hr/d 
of 8.14 l/s. Figure 5-8 shows the Cooper-Jacob fitting the late time on the pumping well 
BH2 borehole drawdown plot. It yielded a transmissivity value of 264.1 m
2
/day and a 
storativity value of 3.14e
-15
. 
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Figure 5-9: Water level rise during recovery against t' in BH2 borehole (Abstraction 
borehole). 
 
The recovery rate of the water level is faster during the first 10 minutes and then slows 
down after, possibly being affected by borehole storage. Using the recovery data, a water 
level against t′ plot in Figure 5-9 yields a transmissivity of 246 m2/day. Transmissivity 
obtained from the recovery test is more reliable, because of the only requirement of heads 
recording and results from that usually not sensitive to well losses.  
5.4 Tracer test 
5.4.1 Introduction 
The tracer tests were carried out to determine mass transport parameters, including: 
transmissivity, seepage velocity, and effective porosity. Following the tracer test 
procedure suggested by Riemann‟s (2002), three radial convergent tracer tests were 
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carried out, injecting the tracers to 67.2 m (1 time) and 54 m (2 times) in BH1 borehole, 
which was determined by the drilling results and the EC profile in BH1 borehole. The 
tracers, used in the tests included: sodium chloride, bromide and fluorescence which 
followed previous studies on typical Karoo aquifers to select the tracer quantities 
(Riemann et al, 2002); The acceptors included a Fluorometer, a TLC and a pH & 
Conductivity meters. The TLC and the pH&Conductivity meters were used to measure 
the concentration of sodium chloride, while the Fluorometer was used to measure the 
concentration of fluorescence tracer; the bromide concentration was analyzed at the IGS 
chemical laboratory. All the trace tests are conducted under a forced gradient of 0.52. 
5.4.2 Setup of equipments and testing process 
The setup of equipments is shown in Figure 5-10, and Figure 5-11 shows the tracer test 
process: a) Related position between BH1 and BH2 boreholes; b) tracers (sodium 
chloride, bromide and fluorescence) weighting; c) each tracer mixing in a 2 L plastic 
bottle; d) injecting the tracer to the testing position of the BH1 borehole; e) EC 
measurement at the pump outlet with mamual TLC meter; f) EC and pH measurement 
with pH&Conductivity meter at the outlet of the pump.  
 
BH1 borehole was chosen as the injection borehole, and BH2 borehole was selected as  
the abstraction borehole. The selection of the injection and the abstraction boreholes 
respectively and selection of the depth of the tracer injection was based on the following 
observations: 
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 Position of the injection borehole (BH1) close to the upstream of the 
Tyume River as compared with BH2 borehole; 
 The pump can only be installed in BH2 borehole, because of the diameter 
of the PVC pipe; 
 EC profiling in BH1 borehole shows an elevated anomaly at 67.2 m while 
the EC profiling in BH2 borehole showed no anomaly; 
 Water strikes were identified from 54 to 65 m during the borehole drilling 
period in both BH1and BH2 boreholes. 
 
 
Figure 5-10: Setup of equipments for the radial convergent test at BH1 and BH2 
boreholes. 
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A: Two borehole positions; 
 
C: Diluted the tracers in 2 liter containers;    
 
E: Measurement of EC using manual TLC meter;  
 
B: Measurement of the mass of the tracers; 
 
 D: Injecting the tracers to BH1 borehole; 
 
F: Measurement of EC using pH&Conductivity 
meter.
Figure 5-11: Borehole positions and the tracer test process in the University of Fort Hare 
boreholes. 
 
BH2 Borehole, 
Abstraction Borehole 
BH1 Borehole, Injection 
Borehole 
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5.4.3 Tracer breakthrough measurements in the abstraction borehole (BH2) 
5.4.3.1 EC tracer breakthrough measurements in abstraction borehole (BH2) 
The EC data measured on the pumped BH2 borehole water were plotted in a 
breakthrough curve. In principle, the data plotted in the breakthrough curve can be 
used to estimate groundwater velocity and effective porosity as transport parameters.  
 
Figure 5-12 shows the EC breakthrough curve after tracers injected at 67.2 and 54 m 
in BH1 borehole. 
 
Figure 5-12: The EC breakthrough curve after the tracers injected in BH1 borehole at 
67.2 m. 
 
The EC breakthrough curve (at 67.2 m) does not show a nice curve with a peak of EC 
value and a delay time on Figure 5-12. Generally, this type of data will not be used to 
investigate groundwater velocity and effective porosity. The early EC profiling in 
BH1 borehole did display an anomaly at 67.2 m, suggesting the possible existence of 
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a fracture or bedding plane. The overall trend of the tracer breakthrough curve in 
Figure 5-12, is a decreasing EC value from the moment of injection in BH1 borehole, 
which implies a possible connection between BH1 and BH2 boreholes, and the high 
EC value at the earlier time could be disturbed by the point dilution test at this level. 
 
Figure 5-13: The EC breakthrough curve after the tracers injected to BH1 borehole at 
the 54 m (First time). 
 
The first injection of tracers at 54 m (Figure 5-13) was not properly conducted. 
Fortunately, the data from the EC breakthrough curve does show a meaningful peak 
and clear delay time, which allows the calculation of the groundwater velocity and 
effective porosity. During the drilling process, the possible existence of fractures from 
54 to 64 m was suggested, in view of the increased blow yield from 24000 to 36000 
l/h. Another tracer test was carried out at 54 m to make sure all of the tracers being 
injected properly. However, the EC profile in two boreholes didn‟t show anything to 
match the records during drilling period.  
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Figure 5-14: The EC breakthrough curve after the tracers injected to BH1 borehole at 
54 m (Second time). 
 
These data were obtained from a redo test at 54 m (Figure 5-14) with the same tracers, 
but tracer density increased. As in the first tracer test at this level, the EC 
breakthrough curve, obtained showed a clear peak and the acceptable delay time, and 
the EC value almost recovered to its started value after 261 miniters. These data can 
be used to caculate the groundwater velocity and effective porosity, when comparing 
the two tracer tests at 54 m. In view of the results from the two tracer tests at 54 m, 
high connectivity was suggested at this level. 
5.4.3.2 Bromide tracer breakthrough measurements in the abstraction borehole (BH2) 
Some water samples were collected at unequal time intervals during the tracer test 
period for bromide concentration analysis. Samples were collected from the water 
pumped from the abstraction borehole (BH2). Laboratory concentration analysis was 
performed at the IGS chemical laboratory.  
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Figure 5-15 shows the measured bromide concentration over time in the abstraction 
borehole (BH2), under a situation of injected tracers at 67.2 m. 
 
Figure 5-15: Bromide tracer breakthrough measurements with tracers injected at 67.2 
m in BH1 borehole. 
 
In view of the anormal at 67.2 m of the EC profile in BH1 borehole of the natural 
water before all tests, bromide was injected at 67.2 m in BH1 borehole. As with the 
EC breakthgough, BH1 and BH2 boreholes appear to be connected; however, the 
delayed time of the bromide tracer breakthough was almost 200 minutes, which 
implies little connection between BH1 and BH2 boreholes. Possibilly, there is no 
connecting fracture at this level between the two boreholes. Bromide tracer 
breakthrough displays a constant rate of tracer concentration increase (4.04×10
-3
 
mg/min) from 100 to 147 minutes.  
 
Figure 5-16 shows the best fit between the model and the measured bromide tracer 
breakthrough concentration and the mass transport parameters estimate from the 
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Tracer Programme, developed by Riemann (2002) in the abstraction borehole (BH2), 
under the situation of injected tracers at 67.2 m in BH1 borehole. 
 
Figure 5-16: Best fit between the model and the measured bromide tracer 
breakthrough concentration in BH2 borehole (Under injection at 67.2 m in BH1 
borehole). 
 
Table 5-1 shows the results of mass transport parameters (dispersion and groundwater 
velocity) from the bromide concentration analysis under a situation of injected tracers 
at 67.2 m in BH1 borehole. 
Table 5-1: Mass transport parameters estimated from the Tracer Programme of 
Riemann (2002), under the tracers injected at 67.2 m in BH1 borehole. 
Distance 
between 
boreholes (m) 
Abstraction 
rate (l/s) 
Mass of 
injected 
tracer (g) 
Dispersion 
(m) 
Groundwater 
velocity (m/day) 
5 5 50 0.4 31 
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Figure 5-17 shows the measured bromide concentration over time in the abstraction 
borehole (BH2), while tracers injected at 54 m in BH1 borehole (First time). 
 
Figure 5-17: Bromide tracer breakthrough measurements in BH2 borehole, under the 
first time injected tracers at a depth of 54 m in BH1 borehole. 
 
Figure 5-18 shows the best fit between the model and measured bromide tracer 
breakthrough concentration and mass transport parameters estimate from the Tracer 
Programme of Riemann (2002) in abstraction borehole (BH2), under the situation of 
the first time injected tracers at 54 m in BH1 borehole. 
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Figure 5-18: Best fit between the model and measured bromide tracer breakthrough 
concentration in BH2 borehole (First time of injection at 54 m in BH1 Borehole). 
 
Table 5-2 shows the results for mass transport parameters (dispersion and 
groundwater velocity) from the bromide concentration analysis under a situation of 
injected tracers at 54 m in BH1 borehole (the first time). 
 
Table 5-2: Mass transport parameter estimates from the Tracer Programme of 
Riemann (2002), first time of the tracers injected at 54 m in BH1 borehole. 
Distance 
between 
boreholes (m) 
Abstraction 
rate (l/s) 
Mass of 
injected tracer 
(g) 
Dispersion (m) Groundwater 
velocity 
(m/day) 
5 5 50 0.9 165 
 
Figure 5-19 shows the measured bromide concentration over time in the abstraction 
borehole (BH2) under the situation of injected tracers at 54 m in BH1 borehole (the 
second time). 
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Figure 5-19: Bromide tracer breakthrough measurements in BH2 borehole, after the 
second tracer injection at a depth of 54 m in BH1 borehole. 
 
Figure 5-20 shows the best fit between the model and the measured bromide tracer 
breakthrough concentration and the mass transport parameters estimate from the 
Tracer Programme of Riemann (2002) in abstraction borehole (BH2) under the 
situation of second time injected tracers at 54 m in BH1 borehole. 
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Figure 5-20: Best fit between the model and measured bromide tracer breakthrough 
concentration in BH2 borehole (Second time of the tracers injected at 54 m in BH1 
borehole). 
 
Table 5-3 shows the results of mass transport parameters (dispersion and groundwater 
velocity) obtained from the bromide concentration analysis under the situation of 
injected tracers at 54 m in BH1 borehole (the second time). 
Table 5-3: Mass transport parameter estimates from the Tracer Programme of 
Riemann (2002), Second time of the tracers injected at 54 m in BH1 borehole. 
Distance 
between 
boreholes (m) 
Abstraction 
rate (l/s) 
Mass of 
injected 
tracer (g) 
Dispersion 
(m) 
Groundwater 
velocity (m/day) 
5 5 326 0.8 120 
 
Considering the field operations of the tracer tests, the mass transport parameters 
estimated at the second tracer test at 54 m are more reliable than the one at 67.2 m and 
the first time at 54 m.  
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5.4.3.3 Comparison between EC and Bromide Tracer Breakthrough 
Figure 5-21 shows the comparison between the bromide and the EC measured 
breakthrough curves. It is evident that the Br tracer peak arrived almost at the same 
time as the EC breakthrough peak. It is clear that no external influences contributed to 
the EC and Br tracer. 
 
Figure 5-21: Comparison between EC and bromide tracer breakthrough measurements 
from BH2 borehole, using the data obtained at the second injection of tracers at 54 m 
in BH1 borehole. 
5.4.4 Summary 
This chapter presented the pump and tracer tests, conducted in the Balfour Formation 
study area. The yield of BH2 borehole is more than 5 l/s. BH1 and BH2 boreholes 
could be connected by fractures at 54 m, but there is no strong evidence for the 
existing of connecting fractures at 67.2 m. The estimated transimissivity from 
constant pumping test data and recovery data are 264.1 m
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respectively, by the Tracer Programme of Riemann (2002) in abstraction borehole 
(BH2), under the situation of second time injected tracers at 54 m in BH1 borehole, 
and the result from recovery data is more reliable. 
 
Given the field operations of the three tracer tests, the mass transport parameters 
estimated at the second tracer test at 54 m are more reliable. Table 5-4 shows the mass 
transport parameters from the tracer tests at preferential paths for the Fort Hare 
University boreholes. 
 
Table 5-4: Hydraulic parameters of the study area estimated from the tracer tests 
(Between BH1 and BH2 boreholes). 
Parameter (under forced 
gradient of 0.52) 
Value  Method 
V (m/day)  120 Tracer, (Riemann, 2002) 
Dispersion (m)  0.8 Tracer, (Riemann, 2002) 
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6 CHEMICAL CHARACTERIZATION 
For purpose of groundwater quality analysis, four surface water samples were 
collected from the Tyume River and one groundwater sample was also collected from 
BH2 borehole before the tests in order to compare groundwater quality with surface 
water quality.  
6.1 Sampling 
Following the detailed procedure for sampling, such as Weaver et al. (2007), four 
surface water samples were collected from the Tyume River and one sample was 
collected from the BH2 borehole‟s natural water at 74.87 m before starting the tests. 
Two samples (Tyu 1 and Tyu 2) from the Tyume River were collected on the first day 
just after a light rain, and two others (Tyu 3 and Tyu 4) were collected on the second 
day. Water sampling positions are plotted in Figure 6-1 . 
 
Figure 6-1: Sample positions from the abstraction borehole (BH2) and the Tyume 
River. 
Tyu2 
Tyu1 
Tyu3 
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6.2 Sample analysis 
6.2.1 Water quality  
It is important to analyse the inorganic chemical characterisation for groundwater 
classification in terms of the South African Water Quality Guidelines (SAWQG, 
1996), and also to compare the acids source. The data of the groundwater chemistry is 
tabulated in Table 6-1, and were plotted using Piper, Durov and Stiff Diamgrams to 
compare the results between the borehole and the Tyume River‟s water, and to 
determine the potential sources of the groundwater contamination.  
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Table 6-1: Results of water chemistry. 
 
Site Name Description Ycoord Xcoord pH EC [mS/m] Ca [mg/l] Mg [mg/l] Na [mg/l] K [mg/l] Palk [mg/l] 
UFH2 Borehole 32.7803 26.8555 8.84 61.45 44.24 17.33 65.6 1.22 0 
 TYU1 River point 32.77921 26.85598 7.22 63.1 14.41 7.56 19.3 3.68 0 
TYU2 River point 32.77919 26.85597 7.3 21.7 14.72 7.67 21.5 3.30 0 
TYU3 River point 32.77922 26.85596 7.19 22.4 15.33 7.98 17.7 2.50 0 
TYU4 River point 32.77888 26.85684 7.41 20.8 14.20 7.10 17.6 3.10 0 
Site Name Malk [mg/l] F [mg/l] Cl [mg/l] NO2(N) [mg/l] Br [mg/l] NO3(N) PO4 [mg/l] SO4 [mg/l]  CA Hard [mg/l] Mg Hard [mg/l] Tot. Hard [mg/l] 
UFH2 228 0.83 61.00 -0.01 0.38 1.82 <0.1 14.17 111 71 182 
TYU1 77 0.18 23.95 -0.01 0.05 0.78 <0.1 7.10 36 31 67 
TYU2 76 0.20 24.63 -0.01 0.12 0.77 <0.1 6.70 37 31 68 
TYU3 77 0.18 24.21 -0.01 0.11 0.86 <0.1 5.79 38 33 71 
TYU4 75 0.18 23.81 -0.01 0.38 0.80 <0.1 5.64 36 29 65 
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Figure 6-2: Piper diagram showing water chemistry of the study area. 
 
From the Piper diagram (Figure 6-2), groundwater from BH2 borehole contains almost 
75% of (HCO3
-
 + CO3
2-
), 30% of (SO4
2-
 + Cl
-
), 45% of (Na
+
 + K
+
) and 59% of (Ca
2+
 + 
Mg
2+
). The water from the Tyume River contains 50% - 60% of (HCO3
-
 + CO3
2-
), 30% - 
35% of (SO4
2-
 + Cl
-
), 35%-42% of (Na
+
 + K
+
) and 58%-62% of (Ca
2+
 + Mg
2+
). The acid 
comparison, shows the groundwater in BH2 borehole to be dominated by (HCO3
-
 + CO3
2-
)
, which means the groundwater in BH2 borehole is alkaline.  
 
 
Tyume River 
Tyume River 
Tyume River 
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Figure 6-3: Durov diagram showing the water sample chemistry. 
 
Figure 6-3 shows the cations, anions, pH and Total Dissolved Solids (TDS) of the results 
of water sample analysis from both the Tyume River and the BH2 borehole. The TDS 
value of the groundwater sample of BH2 borehole is 200 mg/kg, which is as twice high 
as that of the Tyume River (almost 100 mg/kg). The pH value in BH2 borehole (8.84) is 
higher than that of the Tyume River (7.19-7.41), which implies that the water in BH2 
borehole is alkaline. The cations of Ca
2+
 and Mg
2+
 are also higher in BH2 borehole, 
which may be related to the mineral decomposition of sedimentary rocks. (HCO3
-
 + CO3
2-
) 
is higher in BH2 borehole than that of the Tyume River, while the percentage of Cl
-
 and 
Tyume River 
Tyume River 
Tyume River 
Tyume River 
Tyume River 
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SO4
2-
 is lower in BH2 borehole. Although it is noted that Na
+
 and SO4
2-
 concentrations 
are relatively high. 
  
Figure 6-4: Stiff diagrams showing the water chemistry of the study area. 
 
Figure 6-4 shows the water chemistry using Stiff diagrams, which clearly reflects the 
different cations and anions concentrations in each water sample. All the cations and 
anions are higher in the BH2 borehole than that in the Tyume River. This could be due to 
the dissolution of minerals in the aquifer and also implies the same result as with the 
piper diagram on the groundwater flow direction from aquifer to the Tyume River. 
Further detailed study for mineral dissolution will be presented in section 6.2.2. 
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The higher nitric acid (NO3
-
) (1.82 mg/l) in BH2 borehole may be attributed by the 
fertilizer used in the vegetable garden surrounding the study area or Karoo natural 
sediments,  while the nitric acid (NO3
-
) concentration in the Tyume River samples being 
0.8025 mg/l on average.   
 
Figure 6-5: Showing the total hardness at the sampling sites. 
 
180 mg/l of total hardness was measured for BH2 borehole (Figure 6-5), which positions 
it as moderately hard. From the hardness concentration of the water samples, it is inferred 
that the groundwater flow is from the surrounding aquifers to the Tyume River, just as 
was found above. 
6.2.2 Chemical speciation and mineral saturation indices 
The hydrogeochemical program PHREEQC2 (Appolo et al, 2005) was used for the 
aqueous chemical speciation and mineral saturation indices (SI) of the water samples 
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from BH2 borehole and Tyume River in this study. The results of speciation are listed in 
Table 6-2. 
Table 6-2: Distribution of species of water samples from BH2 borehole and Tyume River. 
  
Major species 
  
Minor species 
BH2 Tyu 1 Tyu 2 Tyu 3 Tyu 4 
Average 
of Tyus 
BH2 
species 
percentage 
(%) 
Tyus species 
percentage 
(%) Molality Molality Molality Molality Molality Molality 
C(4) 
  
  
  
  
  
  
  
  
  
Total 3.46E-03 1.31E-03 1.37E-03 1.43E-03 1.33E-03 1.36E-06 100% 100% 
HCO3
- 3.12E-03 1.24E-03 1.23E-03 1.25E-03 1.22E-03 1.24E-06 90.14% 90.86% 
CO3
2- 1.32E-04 5.02E-05 1.31E-04 1.71E-04 1.00E-04 1.13E-04 3.82% 8.32% 
CaCO3 1.05E-04 4.41E-06 4.47E-06 4.74E-06 4.29E-06 4.48E-06 3.02% 0.33% 
MgCO3 4.00E-05 3.63E-06 3.52E-06 3.74E-06 3.26E-06 3.54E-06 1.16% 0.26% 
CaHCO3
+ 2.68E-05 3.51E-06 1.38E-06 1.08E-06 1.74E-06 1.93E-06 0.77% 0.14% 
MgHCO3
+ 1.66E-05 1.35E-06 5.75E-07 4.81E-07 6.44E-07 7.62E-07 0.48% 0.06% 
CO2 9.26E-06 6.65E-07 5.19E-07 4.28E-07 4.67E-07 5.19E-07 0.27% 0.04% 
NaCO3
- 4.91E-06 5.21E-07 2.53E-07 2.09E-07 3.02E-07 3.21E-07 0.14% 0.02% 
NaHCO3 4.16E-06 4.51E-08 1.89E-08 1.23E-08 1.97E-08 2.40E-08 0.12% 0.00% 
Ca 
  
  
  
  
  
  
  
Total 1.10E-03 3.60E-04 3.67E-04 3.83E-04 3.54E-04 3.66E-04 100% 100% 
Ca2+ 9.61E-04 3.51E-04 3.59E-04 3.75E-04 3.47E-04 3.58E-04 87.35% 97.82% 
CaCO3 1.05E-04 4.41E-06 4.47E-06 4.74E-06 4.29E-06 4.48E-06 9.50% 1.22% 
CaHCO3
+ 2.68E-05 2.98E-06 2.85E-06 2.58E-06 2.37E-06 2.70E-06 2.43% 0.74% 
CaSO4 1.17E-05 1.35E-06 5.19E-07 4.28E-07 6.44E-07 7.35E-07 1.07% 0.20% 
CaF+ 2.47E-07 2.26E-08 2.56E-07 2.41E-08 2.24E-08 8.11E-08 0.02% 0.02% 
CaOH+ 8.47E-08 2.57E-09 9.99E-10 8.11E-10 1.25E-09 1.40E-09 0.01% 0.00% 
CaHSO4
+ 1.09E-13 3.53E-13 8.90E-13 1.04E-12 5.72E-13 7.13E-13 0.00% 0.00% 
Cl 
  
Total 1.72E-03 6.76E-04 6.95E-04 6.83E-04 6.72E-04 6.81E-04 100% 100% 
Cl- 1.72E-03 6.76E-04 6.95E-04 6.83E-04 6.72E-04 6.81E-04 100% 100% 
F 
  
  
  
  
  
  
Total 4.37E-05 9.48E-06 1.05E-04 9.48E-06 9.48E-06 3.34E-06 100% 100% 
F- 4.21E-05 9.30E-06 1.03E-04 9.29E-06 9.31E-06 3.28E-06 96.43% 98.11% 
MgF+ 1.26E-06 1.48E-07 1.66E-06 1.57E-07 1.41E-07 5.26E-07 2.89% 1.58% 
CaF+ 2.47E-07 2.26E-08 2.56E-07 2.41E-08 2.24E-08 8.11E-08 0.56% 0.24% 
NaF 5.73E-08 3.99E-09 4.93E-08 3.65E-09 3.65E-09 1.51E-08 0.13% 0.05% 
HF 8.31E-11 2.50E-10 7.31E-09 8.47E-10 5.12E-10 2.23E-09 0.00% 0.01% 
HF2
- 1.34E-14 8.93E-15 2.90E-12 3.02E-14 1.83E-14 7.38E-13 0.00% 0.00% 
K 
  
  
  
Total 3.12E-05 9.41E-05 8.44E-05 6.40E-05 7.93E-05 8.04E-05 100% 100% 
K+ 3.12E-05 9.41E-05 8.44E-05 6.39E-05 7.93E-05 8.04E-05 99.97% 99.97% 
KSO4
- 1.91E-08 3.54E-08 2.98E-08 1.95E-08 2.39E-08 2.72E-08 0.06% 0.03% 
KOH 6.81E-11 1.61E-11 5.49E-12 3.23E-12 6.66E-12 7.88E-12 0.00% 0.00% 
Mg 
  
  
Total 7.13E-04 3.11E-04 3.16E-04 3.28E-04 2.92E-04 3.12E-04 100% 100% 
Mg2+ 6.45E-04 3.04E-04 3.07E-04 3.22E-04 2.86E-04 3.05E-04 90.42% 97.72% 
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MgCO3 4.00E-05 3.51E-06 3.52E-06 3.74E-06 3.26E-06 3.51E-06 5.61% 1.13% 
MgHCO3
+ 1.66E-05 3.04E-06 2.87E-06 2.61E-06 2.30E-06 2.70E-06 2.33% 0.87% 
MgSO4 9.29E-06 6.65E-07 1.66E-06 2.09E-07 3.02E-07 7.09E-07 1.30% 0.23% 
MgF+ 1.26E-06 1.48E-07 2.53E-07 1.57E-07 1.41E-07 1.75E-07 0.18% 0.06% 
MgOH+ 1.25E-06 4.88E-08 1.87E-08 1.53E-08 2.26E-08 2.64E-08 0.18% 0.01% 
N(5) 
  
Total 2.94E-05 1.26E-05 1.24E-05 1.39E-05 1.29E-05 1.29E-05 100% 100% 
NO3
- 2.94E-05 1.26E-05 1.24E-05 1.39E-05 1.29E-05 1.29E-05 100% 100% 
Na 
  
  
  
  
  
  
Total 2.86E-03 8.40E-04 9.35E-04 7.70E-04 7.66E-04 8.28E-04 100% 100% 
Na+ 2.84E-03 8.39E-04 9.35E-04 7.69E-04 7.65E-04 8.27E-04 99.44% 99.91% 
NaCO3
- 4.91E-06 5.21E-07 5.75E-07 4.81E-07 4.67E-07 5.11E-07 0.17% 0.06% 
NaHCO3 4.16E-06 2.26E-07 2.36E-07 1.68E-07 1.65E-07 1.99E-07 0.15% 0.02% 
NaSO4
- 1.25E-06 4.51E-08 4.93E-08 1.23E-08 1.97E-08 3.16E-08 0.04% 0.00% 
NaF 5.73E-08 3.99E-09 1.89E-08 3.65E-09 3.65E-09 7.56E-09 0.00% 0.00% 
NaOH 1.19E-08 2.74E-10 1.16E-10 7.42E-11 1.23E-10 1.47E-10 0.00% 0.00% 
S(6) 
  
  
  
  
  
  
  
Total 1.48E-04 7.39E-05 6.98E-05 6.03E-05 5.87E-05 6.57E-05 100% 100% 
SO4
2- 1.25E-04 6.77E-05 6.38E-05 5.49E-05 5.39E-05 6.00E-05 84.66% 91.43% 
CaSO4 1.17E-05 3.04E-06 2.87E-06 2.61E-06 2.37E-06 2.72E-06 7.93% 4.14% 
MgSO4 9.29E-06 2.98E-06 2.85E-06 2.58E-06 2.30E-06 2.68E-06 6.28% 4.08% 
NaSO4
- 1.25E-06 2.26E-07 2.36E-07 1.68E-07 1.65E-07 1.99E-07 0.84% 0.30% 
KSO4
- 1.91E-08 3.54E-08 2.98E-08 1.95E-08 2.39E-08 2.72E-08 0.01% 0.04% 
HSO4
- 1.35E-11 1.05E-10 2.61E-10 2.90E-10 1.72E-10 2.07E-10 0.00% 0.00% 
CaHSO4
+ 1.09E-13 3.53E-13 8.90E-13 1.04E-12 5.72E-13 7.13E-13 0.00% 0.00% 
 
The major ionic species of C (4) in BH2 borehole and Tyume River water samples is 
HCO3
-
, representing 90.14% and 90.86% of the all C (4) species, with an average 
concentration of 3.12 × 10
-3
 and 1.24 × 10
-6 
molal, respectively. The ions CO3
2-
, CaCO3, 
MgCO3 and CaHCO3
+
 in BH2 borehole and Tyume River water samples represent 3.82%, 
3.02%, 1.16%, 0.77%; and 8.32%, 0.33%, 0.26%, 0.14% of all  C (4) species, 
respectively.  
 
Ca
2+
 comprises 87.35% and 97.82% of all dissolved Ca, with a mean concentration of 
9.61 × 10
-4
 and 3.58 × 10
-4
 molal in BH2 borehole and Tyume River water samples, 
82 
 
respectively. The species CaCO3 and CaHCO3
+
 represent 9.50% and 2.43% in BH2 
borehole water samples, and 1.22% and 0.74% in Tyume River water samples. 
 
All of the Cl is in the ionic form of Cl
-
 with a concentration of 1.72 × 10
-3
 in BH2 
borehole water sample and a mean concentration of 6.81 × 10
-4
 molal in Tyume River 
water samples.  
 
The ionic form F
-
, with concentrations of 4.21 × 10
-5
 and 3.28 × 10
-6
 molal, represent 
96.43% and 98.11% in BH2 borehole and Tyume River water samples, respectively. 
While MgF
+
 presents 2.89% and 1.58% in BH2 borehole and Tyume River water 
samples, respectively.  
 
K
+
 constitutes almost 100% in both BH2 borehole and Tyume River water samples, and 
represents concentrations of 3.12 × 10
-5
 and 8.04 × 10
-5 
molal, respectively. 
 
Mg
2+
 represents 90.42% and 97.72%, with concentrations of 6.45 × 10
-4
 and 3.05 × 10
-4
 
and the species of MgCO3 and MgHCO3
-
 have a concentration of 5.61%, 2.33%; and 
1.13%, 0.87% in BH2 borehole and Tyume River water samples, respectively. 
 
In both BH2 borehole and Tyume River water samples, Na
+
 constitutes the major ionic 
species 99.44% and 99.91%, with concentration of 2.84 × 10
-3
 and 8.27 × 10
-4
 molal in 
BH2 borehole and Tyume River water samples, respectively.  
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In both BH2 borehole and Tyume River water samples, SO4
2-
 is the major ionic species 
of S (6), which represents a concentration of 1.25 × 10
-4
 and 6.00 × 10
-6
 molal, while 
CaSO4 and MgSO4 represent concentrations of 7.93%, 6.28%; and 4.14%, 4.08%, 
respectively.  
 
The speciation results are listed in Table 6-3 and plotted in Figure 6-6.  
Table 6-3: Speciation results for both BH2 borehole and Tyume River water. 
Major 
species 
BH2 species 
percentage (%) 
Average Tyus species 
percentage (%) 
BH2 
(Molality) 
Average Tyus 
(Molality) 
C(4) 64% 0% 3.46E-03 1.36E-06 
Cl 32% 89% 1.72E-03 6.81E-04 
F 1% 0% 4.37E-05 3.34E-06 
N(5) 1% 2% 2.94E-05 1.29E-05 
S(6) 3% 9% 1.48E-04 6.57E-05 
Ca 23% 23% 1.10E-03 3.66E-04 
K 1% 5% 3.12E-05 8.04E-05 
Mg 15% 20% 7.13E-04 3.12E-04 
Na 61% 52% 2.86E-03 8.28E-04 
 
 
Figure 6-6: Speciation results for both BH2 borehole and Tyume River water. 
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The speciation results indicate that the major elements of anions are C (4) (64%) and Cl 
(32%) for BH2 borehole water, while Cl (89%) for Tyume River water; the major 
elements of cations are Na (61%), Ca (23%) and Mg (15%) for BH2 borehole water, 
while also Na (52%), Ca (23%) and Mg (20%) for Tyume River water.  
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Saturation indices of different mineral are given in Table 6-4, and also plotted on a 
Histogram Diagram in Figure 6-7. 
Table 6-4: Saturation indices for water samples from BH2 borehole and Tyume River. 
 
 Species  Chemical formula BH2 Tyu1 Tyu2 Tyu3 Tyu4 
Anhydrite CaSO4 -2.87 -3.46 -3.48 -3.53 -3.56 
Aragonite CaCO3 1.13 -0.76 -1.17 -1.26 -1.08 
Calcite CaCO3 1.27 -0.62 -1.03 -1.11 -0.94 
Dolomite CaMg(CO3)2 2.51 -1.16 -2 -2.16 -1.83 
Fluorite CaF2 -1.4 -3.07 -0.97 -3.04 -3.07 
Gypsum CaSO4:2H2O -2.65 -3.24 -3.26 -3.31 -3.34 
Halite NaCl -6.97 -7.88 -7.82 -7.91 -7.92 
 
 
 
Figure 6-7: Saturation indices for water samples from BH2 borehole and Tyume River. 
 
The groundwater in BH2 borehole is undersaturated (negative SI) with respect to some 
minerals (e.g.: anhydrite, fluorite, gypsum and halite), while oversaturated (positive SI) 
with respect to some minerals (e.g.: aragonite, calcite and dolomite). However all the 
water samples from Tyume River are undersaturated. Overall, the analyses of saturation 
indices for BH2 borehole and Tyume River water indicate that these are two different 
water types.  
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6.3 Summary 
This Chapter documents the aqueous chemical characteristics of both BH2 borehole and 
Tyume River. From the Piper Diagram, the bicarbonate (HCO3
-
 + CO3
2-
) dominates the 
water chemistry in BH2 borehole. From the Durov Diagram, the pH measured from the 
BH2 borehole sample is higher than that from the Tyume River samples, which means 
the water in BH2 borehole is alkalinine. Comparing the distributions of the BH2 borehole 
water sample with that of the Tyume River samples as plotted in the Stiff Diagrams. The 
Na
+
 and SO4
2-
 concentrations are relatively high, and the NO3
-
 acid measured in the BH2 
borehole sample (1.82 mg/l) is higher than that in the Tyume River (average: 0.8025 
mg/l), which may not directly be linked to the potential sources, such as fertilizer, etc. 
The groundwater in this study area can be classified as moderately hard according to the 
Water Quality Guidelines (DWAF, 1996). The chemistry results show the groundwater to 
be flowing from the aquifer to the Tyume River. i.e. no evidence for water recharging 
from the nearby Tyume  River to the BH2 borehole. The speciation results indicated that 
the dominant elements of anions are C (4) and Cl for BH2 borehole water, while Cl for 
Tyume River water; the dominant elements of cations are Na, Ca and Mg both in BH2 
borehole and Tyume River, but with different percentage respectively. Based on the 
above results, the groundwater is (Na+HCO3) water type. The dominant species for the 
element C (4) are HCO3
-
 both in BH2 borehole and Tyume River water, which 
represented more than 90% of the elemental concentration. The undersaturated 
groundwater is respected to minerals of anhydrite, fluorite, gypsum and halite, and 
aragonite, calcite and dolomite are respected for oversaturated groundwater in BH2 
borehole. 
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7 DISCUSSIONS 
The discharge rate of the University of Fort Hare boreholes is much higher than that of 
the 55 wet boreholes in R10H sub-catchment, which suggests that it is possible to obtain 
a high yield borehole with proper hydrogeological study. 
 
Due to the percussion drilling method used, no detailed borehole logging was obtained, 
which reflected on the poor understanding of the bedding planes. The boreholes were 
collapsing at 68 m, so that PVC pipes were used to prevent borehole collapse. This 
unfortunately prevented the use of borehole video. Such being the case, more geophysics 
tools should be employed to investigate the detailed geological information in this study 
area in future, such as Natural Gamma (Keyes, 1989; Telford et al, 1990; Williams, 1998), 
Resistivity, and so on.  
 
The two boreholes have nearly the same water levels, as determined during both drilling 
and flow parameter tests, which also implies the low natural gradient between the two 
boreholes. However, no other boreholes being near, the flow direction cannot be 
precisely identified. The water strikes recorded during the drilling process at level 54 and 
65 m are not reflected on the EC profiling, except at 53 m in BH1 borehole. However, the 
fact that water shot out from BH1 borehole while drilling BH2 borehole strongly supports 
the records as to the connection between these two boreholes. Therefore, the records of 
the EC profiling may be affected by: 1) The cuttings of the PVC pipes are not enough and 
blocked by fine chips from the collapse of the boreholes; 2) The natural groundwater 
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between BH1 and BH2 boreholes has a low gradient, which results in a low velocity of 
groundwater flow.  
 
Results from the Step-Drawdown and constant rate pumping tests show the discharge rate 
of the BH2 borehole to be higher than 5 l/s. The transimissivity of the aquifer yield, 
according to the constant rate pumping test is generally higher than that of most 
boreholes in the R10H sub-catchment. The discharge rate of these two boreholes should 
be more than 10 l/s according to the blow yield test during the drilling process, and this is 
also reflected on the diagrams of Step-Drawdown and Constant Rate pumping tests with 
a maximum pumping rate of 5 l/s. This was due to the limiting effect of the diameter of 
the PVC pipe. Boreholes drilled in the Balfour Formation should have a diameter greater 
than 120 mm, and borehole video should be down immediately after the completion of 
drilling.  
 
The tracer test conducted under a forced gradient of 0.52, was performed for 3 times at 
two levels (67.2 and 54 m) in the University of Fort Hare boreholes. At 67.2 m level, the 
tracer test was performed once and the EC breakthrough curve does not provide 
meaningful information; however, the bromide tracer breakthrough shows 200 minutes 
delay, while the bromide concentration started to increase slowly after 100 minutes. This 
could mean that the tracer came through a matrix medium from BH1 borehole to BH2 
borehole at this level. At 54 m level, the tracer tests were conducted twice, and a 
meaningful EC breakthrough curves were all obtained. The EC breakthrough curve 
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shows a time delay of about 44 minutes, which could mean that groundwater, came 
through a fractured medium from BH1 borehole to BH2 borehole at this level. The 
bromide breakthrough provided the same results, and 0.8 m of dispersion and 120 m/day 
of groundwater velocity were obtained by best fit between the model and the second time 
measured bromide tracer breakthrough concentration in the BH2 borehole. The EC, Cl
-
 
and Br
-
 breakthrough curves, peak at the same time, which means no extra condition, 
affected the tracer concentration.  
 
Through chemical analysis, the data of groundwater and surface water samples were 
plotted on the Piper, Durov and Stiff Diagrams for comparison. The results from the 
Piper Diagram show that the water type is alkaline in the BH2 borehole and dominated 
by (HCO3
-
+CO3
2-
), while the data about cations and anions are not clear. The Durov 
Diagram shows the TDS in the BH2 borehole (200 mg/kg) to be almost double that of the 
one in the Tyume River, which suggests possible dissolution of minerals, or possible 
palaeo-groundwater cycles and also that the groundwater flow direction is from the 
aquifer to the Tyume River, although there is no accurate direction. According to South 
African Water Quality Guidelines (Volume 1: Domestic Water Use, second edition, and 
Volume 2: Agricultural Use: Irrigation. 1996), there is no health effects associated with 
the electrical conductivity of water less than 300 mg/kg, and infrequent use for salt-
sensitive crops is suggested.  
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The pH in the BH2 borehole (8.84) is higher than that in the Tyume River (7.19-7.41), 
including that the water in the BH2 borehole is different type from that of the Tyume 
River, and directly proves that the water in the BH2 borehole is alkaline.  
 
Cations (Ca
2+
 and Mg
2+
) in the BH2 borehole are higher than that in the Tyume River, 
which suggests some mineral decomposition of rocks. Katemaunzanga (2009) stated that 
major oxides (MgO + CaO) are enriched in mudstone in the Daggaboersnek Member, and 
also in the upper Barberskrans Member, which could be the possible source of the cations 
(Ca
2+
 and Mg
2+
). Of course, some other sources are also possible, although there is no 
detailed chemical information about other rocks.  
 
All the salts in the BH2 borehole and the Tyume River samples are presented in Stiff 
Diagram, which clearly show that they are much higher in the BH2 borehole than those 
of the Tyume River (except the concentration of K
+
). However, it is noted that Na
+
 and 
SO4
2-
 concentrations are relatively high in the aquifer, which migh be related to the 
original sedimentary environment such as the main Karoo basin nature and Na
+
 might be 
dissolved from albite and SO4
2-
 might be from oxidation of pyrite (Malaza and Zhao, 
2010).  
 
NO3
-
 is higher in BH2 borehole water than that in the Tyume River, which needs to be 
investigated. The potential sources might be related to several factors that enriched the 
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NO3
-
 concentration in BH2 borehole, such as: the fertilizer applied in the vegetable 
garden of the University of Fort Hare around the borehole sites; or the unsaturated zone 
involved in the soil nitrogen cycle under other necessary conditions (Stadler et al, 2008); 
or the manure of human being and animals with little contributions from other factors 
(Shomar et al, 2008), or the natural Karoo sediments. In short, the chemical N fertilizers 
applied are not the sole factor determining the NO3
-
 in Groundwater; rather, it is an 
integrated process governed by several factors and isotopic techniques are sufficient tools 
to determine the NO3
-
 resources, which should be employed in further research. Hardness 
analysis of the groundwater in the BH2 borehole proved that the groundwater is 
moderately hard. 
 
The speciation results indicated that the dominant elements of anions are C (4) and Cl for 
BH2 borehole water, while Cl for Tyume River water; the dominant elements of cations 
are Na, Ca and Mg both in BH2 borehole and Tyume River, but with different percentage 
respectively. It shows two different water types between the BH2 borehole and the 
Tyume River, and the high percentage of Ca and Mg in BH2 borehole water also match 
the enrichment of major oxides (MgO + CaO) in the Daggaboersnek Member of the 
Balfour Formation (Katemaunzanga, 2009). The undersaturated groundwater is respected 
to minerals of anhydrite, fluorite, gypsum and halite, and aragonite, calcite and dolomite 
are respected for oversaturated groundwater in BH2 borehole. The minerals with positive 
SI (aragonite, calcite and dolomite) may reduce aquifer porosity and permeability. 
Similarly, the minerals with negative SI (anhydrite, fluorite, gypsum and halite) will 
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dissolve during groundwater flow, which will increase the porosity and permeability of 
the aquifer (Al-Qudah et al, 2011).  
 
Based on above, a conceptual model (Figure 7-1) was built up to explain the groundwater 
system in the fractured aquifer in the Balfour Formation.  
 
Figure 7-1: Site conceptual model in the Balfour Formation. 
Water recharges from the mountain areas around the site and penetrates through the top 
soil and clay, and then the sub-vertical to vertical fractures from the rock matrix. The 
sub-vertical to vertical fracture acts as the major paths of the groundwater flow in 
different vertical layers. The groundwater through sub-vertical or vertical fractures may 
be stored in the gentle fractures or the bedding planes as fractured aquifer or fractured 
zone, which can be seen as regional fractures connecting the discrete fractures to the 
boreholes.  In this model several lens-shape sandstone layers and shale layers were 
highlighted. At the left side, groundwater also seeps out to Tyume River, which has been 
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supported by the water chemistry in this study, rather indicates the surface water doesn‟t 
recharge to the aquifer.   
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8 CONCLUSIONS 
From the above discussions on geology, hydrogeology and water chemistry, it can be 
concluded the following: 
 The geology of this study area comprises the Balfour Formation, which is 
dominated by mudstone and limited thin-lens sandstone from a lithological 
perspective based on the drilling results and field investigations; 
 The aquifer underlying the study area is a typical Karoo fractured aquifer, that 
may be caused by bedding plane faulting; 
 The boreholes at the University of Fort Hare have produced significantly high 
yield, compared with the others in the R10H sub-catchment, which indicates a 
clear possibility to obtain high yield boreholes with help of a proper 
hydrogeological study; 
 A drawdown equation for the BH2 borehole was obtained as:  
Sw = (2.2*10
-3
)*Q + (7.86*10
-6
)*Q
2
 (t = 60 minutes) from Step-drawdown test; 
 BH2 borehole efficiency (%) = [(2.2*10-3)*Q/[(2.2*10-3)*Q+(7.86*10-6)*Q2)]* 
100%; 
 Estimated transmissivity of the Fort  Hare University boreholes is 246 m2/d based 
on the constant pumping rate and recovery data; 
 Estimated seepage velocity under a forced gradient of 0.52, is 120 m/d between 
BH1 and BH2 boreholes, which are  5 m away according to the radial convergent 
tests; 
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 Major fractures in sedimentary units of this study area are bedding planes and 
some discrete fractures; 
 Groundwater is dominated by bicarbonate (HCO3
-
 + CO3
2-
) in BH2 borehole from 
Piper Diagram, and the groundwater type of BH2 is (Na+HCO3) water type; 
 Groundwater in BH2 borehole is alkaline with pH 8.84 and so qualifies as 
moderately hard; 
 (Mg+ + Ca2+) are possibly derived from mineral dissolution of mudstone; 
 Higher Na+ and SO4
2-
comcentrations were noted in this study, which might be 
related to the main Karoo basin nature; 
 Higher NO3
-
 concentration was noted in BH2 borehole water sample comparing 
with that of the Tyume River samples. The enrichment of N in groundwater is an 
integrated process governed by several factors and isotopic techniques should be 
employed to trace the resources in further study; 
 Groundwater flow direction is roughly from the aquifer to the Tyume River, 
proven by comparison of the groundwater quality of the BH2 borehole and that of  
the Tyume River, and for checking the accurate flow direction of the groundwater 
flow, two more shallow boreholes should be drilled in future around the existing 
boreholes; 
 The speciation results indicate two different water types in BH2 borehole and 
Tyume River, while the high percentage of Ca and Mg in BH2 borehole water 
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also match the enrichment of major oxides (MgO + CaO) in the Daggaboersnek 
Member of the Balfour Formation (Katemaunzanga, 2009).  
 The groundwater in BH2 borehole is undersaturated (negative SI) with respect to 
some minerals (for example: anhydrite, fluorite, gypsum and halite), which will 
dissolve during groundwater flow and increase the porosity and permeability of 
the aquifer; oversaturated (positive SI) with respect to some minerals (for 
example: aragonite, calcite and dolomite), which may reduce the aquifer porosity 
and permeability; 
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9 RECOMMENDATIONS 
Based on the results of this study, the following recommendations are made: 
 Detailed geology field mapping should be done properly after remote sensing 
analysis; 
 Borehole diameter should be more than 110 mm in order to do the pumping tests; 
 Borehole video should be done immediately after borehole drilling is finished in 
future to avoid the problems due to borehole collapsing; 
 Geophysical methods should be used as the way to help understanding the 
complicated structures of this study area; 
 At least one deep diamond drilled borehole should be exist/drilled for 
identification of layer boundaries and fractures in the Balfour Formation; 
 Two more shallow boreholes (10 m) should be drilled to investigate the aquifer 
behaviours with 20 m distance between them and the two existing boreholes; 
 Further research of groundwater chemistry should be done to determine the 
groundwater quality and the potential contamination of this rural area. Clay 
analysis, XRD and XRF analyses, and chemistry analysis of the surface water are 
required; 
 Detailed information of both government and private boreholes should be 
obtained and maintained; 
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  Fertilizer used in the surrounding farms should also be considered by employee 
isotropic technology in future study; 
 Cautions need to be taken on carbonate minerals, which may reduce the porosity 
and permeability of aquifers. 
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APPENDIX 1: Diagram of aquifer analysis. 
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APPENDIX 2: Borehole drilling data. 
 
DRILLING LOG
DATE 9th December 2009 MNGR LUKE TWEEDDALE
BOREHOLE PROJECT CLIENT FORT HARE UNIVERSITY
NUMBER 1 NUMBER SITE ALICE
G.P.S. CO-ORDS: 32 46 48,4
26 51 19,9
165mm 200mm 250mm Total depth
DRILLING 70m 10m 100m
177 Steel 177 Steel 125mm Pvc 125mm Pvc
Plain Perforated Extraction Installation Plain Perforated Extraction Installation
CASING 10m Yes 12m 56m
Inter b/hole move in km's
Gravel pack San. Seal B/h cap Yes Water level 6m
Gravel spl Water spl Developm. 2 Hrs Yield p/s
Concrete C B/h mark. Water strike 8/24/54/65m B/hole disinfection
Straightness Tst Work time Standing Time Blow  yield test +- 36 000 lt/h
B/H PENETRAT. B/H PENETRAT.
DIA METERS RATE FORMATION DIA METERS RATE FORMATION
250 1 2:24 TOPSOIL 28 1:47 SANDSTONE
250 2 3:14 CLAY 29 2:33 SANDSTONE
250 3 2:24 CLAY 30 2:37 SANDSTONE
250 4 4:22 CLAY 31 2:27 SANDSTONE
250 5 3:07 CLAY 32 1:57 SANDSTONE
250 6 5:07 SANDSTONE 33 1:18 SANDSTONE
250 7 2:05 SANDSTONE 34 1:40 SANDSTONE
250 8 5:36 SANDSTONE 35 2:03 SANDSTONE
250 9 7:06 SANDSTONE 36 1:52 SANDSTONE
250 10 7:41 SANDSTONE 37 1:38 SANDSTONE
165 11 3:08 SANDSTONE 38 1:29 SANDSTONE
165 12 3:05 SANDSTONE 39 2:12 SANDSTONE
165 13 2:09 SANDSTONE 40 2:00 SANDSTONE
165 14 2:40 SANDSTONE 41 1:57 SANDSTONE
165 15 2:49 SANDSTONE 42 2:04 SANDSTONE
165 16 3:35 SANDSTONE 43 2:08 SANDSTONE
165 17 3:15 SANDSTONE 44 2:14 SANDSTONE
165 18 1:02 SANDSTONE 45 1:56 SANDSTONE
165 19 1:42 SANDSTONE 46 2:28 SANDSTONE
165 20 1:41 SANDSTONE 47 1:40 SANDSTONE
165 21 1:51 SANDSTONE 48 2:18 SANDSTONE
165 22 1:59 SANDSTONE 49 2:32 SANDSTONE
165 23 1:40 SANDSTONE 50 2:58 SANDSTONE
165 24 1:40 SANDSTONE 51 2:11 SANDSTONE
165 25 1:57 SANDSTONE 52 2:41 SANDSTONE
165 26 1:54 SANDSTONE 53 3:10 SANDSTONE
165 27 1:52 SANDSTONE 54 3:50 SANDSTONE / WATER
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B/H PENETRAT. B/H PENETRAT.
DIA METERS RATE FORMATION DIA METERS RATE FORMATION
165 55 2:03 SANDSTONE 165 99 6:53 SANDSTONE
165 56 2:19 SANDSTONE 165 100 6:29 SANDSTONE
165 57 2:27 SANDSTONE 101
165 58 2:19 SANDSTONE 102
165 59 2:40 SANDSTONE 103
165 60 2:38 SANDSTONE 104
165 61 2:50 SANDSTONE 105
165 62 2:58 SANDSTONE 106
165 63 3:06 SANDSTONE 107
165 64 3:10 SANDSTONE 108
165 65 3:18 SANDSTONE / WATER 109
165 66 2:50 SANDSTONE 110
165 67 3:55 SANDSTONE 111
165 68 4:22 SANDSTONE 112
165 69 3:58 SANDSTONE 113
165 70 4:15 SANDSTONE 114
165 71 4:10 SANDSTONE 115
165 72 4:35 SANDSTONE 116
165 73 4:46 SANDSTONE 117
165 74 8:03 SANDSTONE 118
165 75 11:09 SANDSTONE 119
165 76 9:47 SANDSTONE 120
165 77 9:34 SANDSTONE 121
165 78 5:45 SANDSTONE 122
165 79 10:01 SANDSTONE 123
165 80 9:59 SANDSTONE 124
165 81 9:23 SANDSTONE 125
165 82 8:46 SANDSTONE 126
165 83 8:18 SANDSTONE 127
165 84 6:22 SANDSTONE 128
165 85 5:18 SANDSTONE 129
165 86 7:18 SANDSTONE 130
165 87 4:46 SANDSTONE 131
165 88 5:49 SANDSTONE 132
165 89 5:40 SANDSTONE 133
165 90 5:10 SANDSTONE 134
165 91 8:20 SANDSTONE 135
165 92 6:25 SANDSTONE 136
165 93 5:49 SANDSTONE 137
165 94 10:05 SANDSTONE 138
165 95 9:24 SANDSTONE 139
165 96 7:52 SANDSTONE 140
165 97 9:36 SANDSTONE 141
165 98 9:13 SANDSTONE 142
REMARKS:
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DRILLING LOG
DATE 14th December 2009 MNGR LUKE TWEEDDALE
BOREHOLE PROJECT CLIENT FORT HARE UNIVERSITY
NUMBER Borehole no. 2 NUMBER SITE ALICE
G.P.S. CO-ORDS: 32 46 48,3"
26 51 20,0"
165mm 200mm 250mm Total depth
DRILLING 87m 13m 100m
177 Steel 177 Steel 110mm Pvc 110mm Pvc
Plain Perforated Extraction Installation Plain Perforated Extraction Installation
CASING 13m Yes 12m 88m Yes
Inter b/hole move in km's
Gravel pack San. Seal B/h cap Yes Water level 6m
Gravel spl Water spl Developm. 2 Hours Yield p/s
Concrete C B/h mark. Water strike 7/54/66m B/hole disinfection
Straightness Tst Work time Standing Time Blow  yield test +- 36 000 lt/h
B/H PENETRAT. B/H PENETRAT.
DIA METERS RATE FORMATION DIA METERS RATE FORMATION
250 1 1:29 TOPSOIL 165 28 2:12 SANDSTONE
250 2 4:18 CLAY 165 29 2:10 SANDSTONE
250 3 4:45 CLAY 165 30 2:24 SANDSTONE
250 4 5:35 CLAY 165 31 3:12 SANDSTONE
250 5 4:45 CLAY 165 32 3:27 SANDSTONE
250 6 2:15 CLAY 165 33 2:21 SANDSTONE
250 7 0:55 CLAY WATER 165 34 2:15 SANDSTONE
250 8 2:15 SANDSTONE 165 35 2:06 SANDSTONE
250 9 7:24 SANDSTONE 165 36 3:17 SANDSTONE
250 10 6:34 SANDSTONE 165 37 2:05 SANDSTONE
250 11 5:18 SANDSTONE 165 38 2:09 SANDSTONE
250 12 6:22 SANDSTONE 165 39 2:18 SANDSTONE
250 13 7:14 SANDSTONE 165 40 2:34 SANDSTONE
165 14 2:10 SANDSTONE 165 41 3:24 SANDSTONE
165 15 3:18 SANDSTONE 165 42 2:33 SANDSTONE
165 16 4:41 SANDSTONE 165 43 3:20 SANDSTONE
165 17 5:55 SANDSTONE 165 44 3:37 SANDSTONE
165 18 6:03 SANDSTONE 165 45 3:02 SANDSTONE
165 19 4:30 SANDSTONE 165 46 3:12 SANDSTONE
165 20 2:19 SANDSTONE 165 47 2:52 SANDSTONE
165 21 2:05 SANDSTONE 165 48 2:02 SANDSTONE
165 22 2:24 SANDSTONE 165 49 2:11 SANDSTONE
165 23 2:11 SANDSTONE 165 50 3:20 SANDSTONE
165 24 2:09 SANDSTONE 165 51 2:39 SANDSTONE
165 25 2:28 SANDSTONE 165 52 2:55 SANDSTONE
165 26 3:15 SANDSTONE 165 53 3:47 SANDSTONE
165 27 2:07 SANDSTONE 165 54 3:07 SANDSTONE / WATER
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B/H PENETRAT. B/H PENETRAT.
DIA METERS RATE FORMATION DIA METERS RATE FORMATION
165 55 3:14 SANDSTON 165 99 12:40 SANDSTONE
165 56 2:52 SANDSTONE 165 100 14:39 SANDSTONE
165 57 3:19 SANDSTONE 101
165 58 3:25 SANDSTONE 102
165 59 3:15 SANDSTONE 103
165 60 3:20 SANDSTONE 104
165 61 2:18 SANDSTONE 105
165 62 3:23 SANDSTONE 106
165 63 6:16 SANDSTONE 107
165 64 6:55 SANDSTONE 108
165 65 3:30 SANDSTONE / WATER 109
165 66 4:10 SANDSTONE 110
165 67 5:59 SANDSTONE 111
165 68 6:45 SANDSTONE 112
165 69 6:36 SANDSTONE 113
165 70 13:09 SANDSTONE 114
165 71 6:44 SANDSTONE 115
165 72 10:59 SANDSTONE 116
165 73 13:48 SANDSTONE 117
165 74 14:42 SANDSTONE 118
165 75 11:28 SANDSTONE 119
165 76 12:34 SANDSTONE 120
165 77 10:33 SANDSTONE 121
165 78 10:31 SANDSTONE 122
165 79 12:18 SANDSTONE 123
165 80 11:54 SANDSTONE 124
165 81 12:22 SANDSTONE 125
165 82 10:25 SANDSTONE 126
165 83 8:17 SANDSTONE 127
165 84 9:11 SANDSTONE 128
165 85 6:05 SANDSTONE 129
165 86 5:33 SANDSTONE 130
165 87 5:39 SANDSTONE 131
165 88 5:20 SANDSTONE 132
165 89 5:15 SANDSTONE 133
165 90 8:13 SANDSTONE 134
165 91 11:47 SANDSTONE 135
165 92 11:10 SANDSTONE 136
165 93 5:35 SANDSTONE 137
165 94 11:45 SANDSTONE 138
165 95 7:18 SANDSTONE 139
165 96 11:09 SANDSTONE 140
165 97 10:39 SANDSTONE 141
165 98 11:14 SANDSTONE 142
REMARKS:
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APPENDIX 3: Flow Parameters testing data. 
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BOREHOLE TEST RECORD SHEET
PROJ NO : 801 MAP REFERENCE: 0 PROVINCE: EASTERN CAPE
BOREHOLE NO: EC/R30/224 DISTRICT: FORT HARE
ALT BH NO: 0 SITE NAME:
ALT BH NO: 0
BOREHOLE DEPTH (m) 99.83 DATUM LEVEL ABOVE CASING (m): 0.00 EXISTING PUMP: 0
WATER LEVEL (mbgl): 6.14 CASING HEIGHT: (magl): 0.00 CONTRACTOR: AB PUMPS 
DEPTH OF PUMP (m): 74.87 DIAM PUMP INLET (mm): 0.00 PUMP TYPE: BH100D
RPM 350 RPM 670 RPM 940
DATE: 24-02-2010TIME: DATE: 24-02-2010TIME: DATE: 24-02-2010TIME:
TIME DRAW YIELD TIME RECOVERY TIME DRAW YIELD TIME RECOVERY TIME DRAW YIELD TIME RECOVERY
(MIN) DOWN (M) (L/S) (MIN) (M) (MIN) DOWN (M) (L/S) (MIN) (M) (MIN) DOWN (M) (L/S) (MIN) (M)
1 0.17 1 1 0.42 1 1 1.10 1
2 0.17 2 2 0.46 1.85 2 2 1.20 3.68 2
3 0.17 3 3 0.49 2.26 3 3 1.29 3
5 0.19 0.95 5 5 0.61 2.48 5 5 1.39 3.68 5
7 0.20 7 7 0.70 7 7 1.45 7
10 0.21 0.95 10 10 0.76 2.48 10 10 1.48 3.67 10
15 0.22 15 15 0.80 15 15 1.52 15
20 0.23 0.95 20 20 0.81 2.48 20 20 1.54 3.68 20
30 0.24 30 30 0.82 30 30 1.55 30
40 0.24 0.86 40 40 0.83 2.49 40 40 1.56 3.68 40
50 0.24 50 50 0.84 50 50 1.56 50
60 0.25 0.86 60 60 0.84 2.49 60 60 1.56 3.68 60
70 70 70 70 70 70
80 80 80 80 80 80
90 90 90 90 90 90
100 100 100 100 100 100
110 110 110 110 110 110
120 120 120 120 120 120
pH 9.48 150 pH 9.12 150 pH 8.57 150
TEMP 20.80 °C 180 TEMP 21.70 °C 180 TEMP 21.50 °C 180
EC 813.00 µS/cm 210 EC 816.00 µS/cm 210 EC 701.00 µS/cm 210
RPM 1030 RPM RPM
DATE: 24-02-2010TIME: DATE: TIME: DATE: TIME:
TIME DRAW YIELD TIME RECOVERY TIME DRAW YIELD TIME RECOVERY TIME DRAW YIELD TIME RECOVERY
(MIN) DOWN (M) (L/S) (MIN) (M) (MIN) DOWN (M) (L/S) (MIN) (M) (MIN) DOWN (M) (L/S) (MIN) (M)
1 1.84 1 1.04 1 1 1 1
2 1.92 5.00 2 0.65 2 2 2 2
3 2.02 3 0.54 3 3 3 3
5 2.13 5.00 5 0.37 5 5 5 5
7 2.18 7 0.29 7 7 7 7
10 2.21 5.00 10 0.24 10 10 10 10
15 2.25 15 0.17 15 15 15 15
20 2.27 5.01 20 0.15 20 20 20 20
30 2.29 30 0.11 30 30 30 30
40 2.29 5.00 40 0.09 40 40 40 40
50 2.31 50 0.05 50 50 50 50
60 2.33 5.00 60 0.04 60 60 60 60
70 70 0.03 70 70 70 70
80 80 0.02 80 80 80 80
90 90 90 90 90 90
100 100 100 100 100 100
110 110 110 110 110 110
120 120 120 120 120 120
pH 8.61 150 pH 150 pH 150
TEMP 21.50 °C 180 TEMP °C 180 TEMP °C 180
EC 634.00 µS/cm 210 EC µS/cm 210 EC µS/cm 210
240 240 240
300 300 300
360 360 360
S/W/L: 6.18
12H30
DISCHARGE RATE 2 DISCHARGE RATE 3
DISCHARGE RATE 6DISCHARGE RATE 4 DISCHARGE RATE 5
STEPPED DISCHARGE TEST & RECOVERY
STEPPED DISCHARGE TEST & RECOVERY
11H30
FORT HARE
DISCHARGE RATE 1
09H30 10H30
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BOREHOLE TEST RECORD SHEET
PROJ NO : 801 MAP REFERENCE: 0 PROVINCE: EASTERN CAPE
BOREHOLE NO: EC/R30/224 DISTRICT: FORT HARE
ALT BH NO: 0 SITE NAME:
ALT BH NO: 0
BOREHOLE DEPTH: 99.83 DATUM LEVEL ABOVE CASING (m): 0.00 EXISTING PUMP: 0
WATER LEVEL (mbgl): 6.14 CASING  HEIGHT:  (magl): 0.00 CONTRACTOR: AB PUMPS 
DEPTH OF PUMP (m): 74.87 DIAM PUMP INLET(mm): 0 PUMP TYPE: BH100D
DATE: 24-02-2010 TIME: 15H20 DATE: TIME: TYPE OF PUMP: BH100D
OBSERVATION HOLE 1 OBSERVATION HOLE 2 OBSERVATION HOLE 3
NR: NR: NR:
Distance(m); Distance(m); Distance(m);
TIME DRAW YIELD TIME RECOVERY TIME: Drawdown Recovery TIME: Drawdown Recovery TIME: Drawdown
(MIN) DOWN (M) (L/S) MIN (M) (min) m (m) (min) (m) (min) (m)
1 0.72 1 1.19 1 1 1
2 1.08 2 0.98 2 2 2
3 1.35 3 0.74 3 3 3
5 1.61 4.44 5 0.60 5 5 5
7 1.78 5.01 7 0.54 7 7 7
10 1.92 10 0.48 10 10 10
15 2.02 5.00 15 0.43 15 15 15
20 2.10 20 0.40 20 20 20
30 2.15 5.00 30 0.36 30 30 30
40 2.19 40 0.32 40 40 40
60 2.25 5.00 60 0.28 60 60 60
90 2.28 90 0.25 90 90 90
120 2.30 5.00 120 0.22 120 120 120
150 2.30 150 0.20 150 150 150
180 2.30 5.00 180 0.18 180 180 180
210 2.30 210 0.16 210 210 210
240 2.30 5.00 240 0.14 240 240 240
300 2.30 300 0.12 300 300 300
360 2.30 5.00 360 0.10 360 360 360
420 2.30 420 0.08 420 420 420
480 2.30 5.00 480 0.06 480 480 480
540 2.31 540 0.04 540 540 540
600 2.32 5.00 600 0.02 600 600 600
720 2.32 720 0.00 720 720 720
840 2.32 5.01 840 840 840 840
960 2.32 960 960 960 960
1080 2.33 5.01 1080 1080 1080 1080
1200 2.36 1200 1200 1200 1200
1320 2.36 5.00 1320 1320 1320 1320
1440 2.37 1440 1440 1440 1440
1560 1560 1560 1560 1560
1680 1680 1680 1680 1680
1800 1800 1800 1800 1800
1920 1920 1920 1920 1920
2040 2040 2040 2040 2040
2160 2160 2160 2160 2160
2280 2280 2280 2280 2280
2400 2400 2400 2400 2400
2520 2520 2520 2520 2520
2640 2640 2640 2640 2640
2760 2760 2760 2760 2760
2880 2880 2880 2880 2880
3000 3000 3000 3000 3000
3120 3120 3120 3120 3120
3240 3240 3240 3240 3240
3360 3360 3360 3360 3360
3480 3480 3480 3480 3480
3600 3600 3600 3600 3600
3720 3720 3720 3720 3720
3840 3840 3840 3840 3840
3960 3960 3960 3960 3960
4080 4080 4080 4080 4080
4200 4200 4200 4200 4200
4320 4320 4320 4320 4320
Total time pumped(min): 1440 W/L W/L W/L
Average yield (l/s): 5.00
FORT HARE
CONSTANT DISCHARGE TEST & RECOVERY
CONSTANT DISCHARGE TEST & RECOVERY
DISCHARGE BOREHOLE
TEST STARTED TEST COMPLETED
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BOREHOLE TEST RECORD SHEET
PROJ NO : 801 PROVINCE:ASTERN CAPE
BOREHOLE NO: EC/R30/224 DISTRICT:FORT HARE
ALT BH NO: SITE NAME:FORT HARE
ALT BH NO:
BOREHOLE DEPTH: 99.83 DATUM LEVEL ABOVE CASING (m): 0.00 EXISTING PUMP: 0
WATER LEVEL (mbgl):: 6.14 CASING HEIGHT (magl): 0.00 CONTRACTOR: AB PUMPS 
DEPTH OF PUMP (m): 74.87 DIAM PUMP INLET(mm): 0.00
TIME REAL TIME REAL
(MIN) TIME (MIN) TIME
pH TEMP EC pH TEMP EC
°C µS/cm °C µS/cm
1 8.73 21.4 581
120 8.4 21.1 585
240 8.57 20.4 585
360 9.09 20.6 575
480 9 21 574
600 8.86 19.4 569
720 8.96 19.3 575
840 9.22 19.4 574
960 9.24 19.6 569
1080 9.4 21.6 572
1200 8.38 23 712
1320 8.57 22.2 592
1440 8.51 22.4 580
1800
2160
2520
DISCHARGE BOREHOLE
MEASUREMENTS MEASUREMENTS
CONSTANT DISCHARGE TEST 
MAP REFERENCE:
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Table1: EC profiling data in BH1 borehole (2/24/2010 10:10). 
Depth(m) EC(µS/cm) Depth(m) EC(µS/cm) Depth(m) EC(µS/cm) 
60 1052 67 1053 67.7 1015 
61 1052 67.1 1056 67.8 1015 
62 1052 67.2 1055 67.9 1015 
63 1056 67.3 1015 68 1015 
64 1054 67.4 1015 69 1015 
65 1057 67.5 1015 70 Collapse 
66 1053 67.6 1015   
 
Table 2: EC Profiling data in BH1 borehole (24/02/10 19:00 to 19:46). 
EC (µs/cm) Depth(m) EC (µs/cm) Depth(m) EC (µs/cm) Depth(m) 
427 8.5 505 41.5 664 55.3 
428 9 496 41.8 660 55.4 
456 9.5 489 42 660 55.5 
456 10 491 42.5 660 55.6 
456 10.5 494 43 663 55.7 
456 11 498 43.3 679 55.8 
456 11.5 489 43.5 695 55.9 
456 12 515 44 701 56 
456 12.5 520 44.2 701 56.2 
456 13 530 44.4 715 56.4 
456 13.5 523 44.6 734 56.5 
457 14 489 44.8 748 56.8 
457 14.5 495 45 716 57 
461 15 509 45.5 711 57.2 
461 15.5 494 46 728 57.5 
461 16 520 46.5 748 57.8 
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461 16.5 516 47 788 58 
461 17 480 47.5 782 58.2 
461 17.5 489 48 829 58.4 
461 18 485 48.5 821 58.7 
463 18.5 496 49 855 59 
465 19 509 49.5 824 59.2 
465 19.5 526 50 892 59.5 
465 20 535 50.2 901 59.7 
465 20.5 515 50.4 940 60 
465 21 515 50.6 948 60.2 
465 21.5 489 51 960 60.5 
465 22 503 51.5 944 60.7 
465 23 509 51.8 985 61 
465 24 520 52 975 61.2 
464 25 526 52.2 985 61.5 
464 26 535 52.4 952 62 
464 27 544 52.5 966 62.5 
464 28 535 52.8 1002 63 
464 29 530 53 1006 63.5 
464 30 541 53.2 1002 64 
464 31 565 53.4 996 64.5 
464 32 559 53.5 992 65 
464 33 563 53.7 1002 65.5 
470 34 547 53.8 992 66 
473 34.5 560 54 985 66.5 
474 35 590 54.2 976 67 
489 36 602 54.3 985 67.1 
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488 36.5 617 54.4 982 67.3 
478 37 624 54.5 822 67.5 
483 38 638 54.6 819 67.9 
480 38.5 618 54.7 820 68 
476 39 630 54.8 822 68.2 
483 40 641 55 822 68.5 
504 40.5 649 55.1 816 69 
494 40.7 662 55.2 827 69.5 
485 41         
 
Table 3: EC profiling BH1 borehole ( 25/02/10 10:16, WL=8.4m).   
EC (µs/cm) Depth EC (µs/cm) Depth EC (µs/cm) Depth 
442 9 455 38 456 59 
444 10 455 40 445 60 
446 12 456 43 441 61 
446 14 452 47 440 62 
451 16 451 50 441 63 
448 18 451 51 447 64 
448 20 451 52 437 65 
453 22 451 53 437 67 
453 25 451 54 515 68 
453 28 451 55 520 68.5 
455 30 451 56 525 69 
453 32 451 57   
453 35 451 58   
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Table 4: Tracer insertion into Borehole BH1 borehole.   
With the constant rate continuing since yesterday the 24/02/10 15:20, the tracer was 
inject at 54m. After the insertion of the tracer, water was put intoBH1 borehole in order 
to dilute the tracer.  The data below shows the dilution since insertion of tracer at 10:36. 
  
 
 
 
 
 
 
 
 
 
 
 
Time EC(µs/cm) 
10:36 646 
10:38 4749 
10:39 31.8 
10:43 6473 
10:48 899 
10:54 482 
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Table 5: EC profiling data in BH1 borehole (25/02/10 just before 15:20 the time when the 
constant rate test was to be stopped).   
EC (µs/cm) Depth EC (µs/cm) Depth EC (µs/cm) Depth 
374 40 378 55 383 67.1 
374 40.5 379 56 380 67.3 
374 41 379 56.5 664 67.4 
378 41.5 379 57 707 67.5 
376 42 379 58 723 67.6 
377 42.5 379 58.5 746 67.7 
378 43 380 58.9 765 67.8 
378 43.5 379 59 778 67.9 
378 44 380 60 807 68 
378 44.5 380 60.5 814 68.1 
378 45 380 61 830 68.2 
378 45.5 380 61.5 838 68.3 
378 46 382 62 845 68.4 
378 46.5 380 62.5 852 68.5 
378 47 380 63 859 68.6 
378 48 380 63.5 868 68.7 
378 48.5 380 64 876 68.8 
378 49 380 65 883 68.9 
378 50 380 65.5 892 69 
378 51 380 66 916 69.3 
378 52 380 66.5 917 69.4 
378 53 380 66.9 924 69.5 
378 54 380 67   
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Table 6: EC profiling in BH1 borehole (26/02/010, SWL=6.67m). 
EC(µs/cm) Depth(m) EC(µs/cm) Depth(m) EC(µs/cm) Depth(m) 
447 8 668 28 749 55 
777 10 665 30 758 56 
781 12 660 32 760 57 
793 14 661 34 768 58 
796 15 662 36 766 59 
804 16 657 38 777 60 
809 17 660 40 777 61 
786 19 653 42 782 62 
662 20 653 44 777 63 
662 21 653 46 783 64 
662 22 657 48 813 65 
662 23 695 50 821 66 
662 24 714 51 811 67 
662 25 720 52 904 68 
665 26 734 53 909 69 
665 27 740 54   
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Table7: EC profiling in BH2 borehole (26/02/010, The EC profiling on the final day after 
all pumping tests were performed, WL=6.685). 
EC(µs/cm) Depth EC(µs/cm) Depth EC(µs/cm) Depth 
520 6.685 742 44 716 75 
557 7 742 46 713 76 
556 8 742 48 706 77 
577 9 742 50 753 78 
683 10 745 51 753 79 
730 11 742 52 753 80 
762 12 742 53 765 81 
749 13 746 54 768 82 
750 14 753 55 768 83 
746 15 746 56 768 84 
746 16 745 57 760 85 
750 17 746 58 753 86 
746 18 760 59 781 87 
746 19 746 60 768 88 
746 20 739 61 819 89 
746 22 736 62 817 90 
746 24 726 63 789 91 
745 24 722 64 766 92 
742 26 722 65 759 93 
745 28 723 66 789 94 
745 30 719 67 779 95 
745 32 719 68 766 96 
744 34 719 69 766 97 
747 36 713 70 759 98 
745 38 713 71 759 99 
745 40 716 72 759 100 
742 42 713 74   
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Table 8: Tracer data from BH2 borehole (Tracer injected at 67m in BH1 borehole). 
Time Time [min] Cl [mg/l] Br [mg/l] 
16:43 0 56.70 0.33 
16:50 7 56.60 0.23 
1710 27 56.20 0.26 
17:40 57 55.20 0.22 
18:20 97 54.40 0.22 
19:05 142 55.50 2.04 
20:20 217 54.60 2.42 
21:50 307 53.30 0.73 
23:17 454 52.00 0.50 
 
Table 9: EC data from BH2 borehole (injected tracers at 67 m in BH1 borehole). 
Time [min] EC [mS/m] Time [min] EC [mS/m] Time [min] EC [mS/m] 
0 63.5 88 60.1 238 59.8 
3 62.2 103 60 253 59.4 
8 62.4 118 59.8 268 59.5 
13 62.2 133 62.3 283 59.3 
18 60.8 148 60.3 298 59.2 
28 60.9 163 60.1 313 59.1 
38 60.9 178 60.6 333 59.2 
48 60.6 193 60.6 353 59.1 
58 60.3 208 60.4 373 59.1 
73 60.3 226 59.8 393 59 
 
Table 10: Tracer data from BH2 borehole (tracers injected at 54 m, first time). 
Time  Time [min] Cl [mg/l] Br [mg/l] 
1:00 0 52.70 0.59 
1:20 20 53.70 3.67 
1:30 30 53.70 3.94 
1:50 50 53.70 2.21 
2:50 110 53.30 0.86 
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Table 11: EC data from BH2 borehole (tracers injected at 54m in BH1 borehole, first 
time). 
Time [min] EC [mS/m] 
0 59 
10 59 
20 59.1 
25 59.3 
30 59.4 
35 59.6 
40 59.8 
45 59.8 
50 59.5 
55 59.4 
68 59.2 
85 59.1 
98 59.1 
113 59.1 
128 59.1 
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Table12: Tracer data from BH2 borehole (tracers injected at 54m in BH1 borehole, 
second time). 
Time Time [min] Cl [mg/l] Br [mg/l] 
10:41 0 55.00 0.32 
10:55 14 60.90 2.42 
11:05 24 79.60 6.16 
11:30 49 100.20 9.41 
11:30 54 102.80 9.41 
11:40 59 90.80 7.09 
11:45 64 84.90 6.26 
11:55 74 79.60 4.64 
12:10 89 71.70 3.35 
12:35 114 64.90 2.15 
13:00 139 62.20 1.71 
14:00 199 58.50 0.83 
15:15 274 71.50 0.68 
 
Table13: EC data from BH2 borehole (tracer injected in BH1 borehole 54m, second 
times). 
Time [min] EC (mS/m) Time [min] EC (mS/m) Time [min] EC (mS/m) 
0 58.5 51 73.8 121 62.6 
3 59.1 54 72.8 131 62.6 
7 59.4 56 72.1 133 62.5 
9 60.1 59 71.2 136 62.4 
10 60.5 61 70.3 138 62.3 
12 61.7 64 69.5 146 62.1 
14 63.2 66 68.9 156 61.8 
16 64 69 68.3 166 61.6 
19 66 74 67.8 176 61.4 
22 68.5 76 66.8 186 61.2 
26 70 81 66.1 196 61.2 
31 72.8 96 65.1 201 61.1 
36 74.7 101 64.7 216 61.2 
44 76 111 63.6 236 61.1 
48 75.4 116 63.3 261 60.8 
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APPENDIX 4: Calibration of the TLC meter 
Calibration is worth to mention so as to get the correct data before the test and to have a 
good understanding the equipment which will be used during the test with different 
operating environments. During these tests, the Solinst TLC meter of Model 107 was 
used. The following shows the calibration of the TLC meter of Model 107 from the TLC 
meter operating instructions with two notes and a caution were highlighted in the 
operating instructions. 
Notes:  
1. Calibrate only with 1.413µS/cm and 80,000 µS/cm solutions. Calibrating with 
other solutions will cause errors in readings. 
2. Do not let the probe rest on the bottom of the calibration cylinder. 
Regular probe calibration is necessary. If, at any time, readings appear to be less accurate 
than usual, clean the probe thoroughly, then re-calibrate. A two point calibration should 
be performed prior to each measuring session. The TLC meter automatically determines 
each solution being used. When measuring water of less than 10,000µS/cm, better 
accuracy can be obtained if a further single pint calibration at 1414 µS/cm is performed 
after the usual 2 point calibration. 
Caution: The 1413 µS/cm solution can be seriously affected by salts left on the probe. 
Clean probe thoroughly before 1414 µS/cm calibration by rinsing in de-ionized water 
until the conductivity reading reaches the 20µS/cm. 
1. Turn the meter on. Conductivity should be displaying „EC 000µ‟. 
2. Start with the 1414 µS/cm standard solution (Solinst P/N 101582). 
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3. Clean probe and sensors as described above and give a final rinse with the 
calibrating solution you are about to use. 
4. Replace the shroud by rotating until it seats, then push to lock in place. 
5. Immerse prove in the calibration solution. Press and hold the „ON‟ button until 
the next screen appears as „Press 2× to Cal‟. 
6. Again press and hold the „ON‟ button until the next screen appears as „Press 2× to 
Cal‟. 
7. Press the „ON‟ button 2 times quickly and „Cal. Now Wait‟ appears. The probe is 
now being calibrated to the calibrating solution. After a few seconds, the 
calibration is complete and the LCD retunes to the main „EN and T‟ display. 
8. Repeat Steps 3-7 above, using the 80,000 µS/cm (Solinst P/N 101417) calibration 
solution. 
9. Your Solinst Model 107 TLC Meter is now calibrated and ready to use. 
Notes: The displayed reading should be within 2% of the calibration standard being used, 
if not, repeat calibration. (For 1413, ±2% = 1384 to 1441 µS/cm, for 80, 000 ±2% = 
78,400 to 81,600 µS/cm) 
Notes: 
1. The de-ionized water, calibration solutions and the probe should all be at room 
temperature when conducting the calibration. 
2. Always ensure that no bubbles are trapped inside the propel shroud. Air bubbles 
will result in inaccurate calibrations. 
3. A repeat of the full calibration procedure. 
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APPENDIX 5: Information of potential site1 and site 2 
1 Site 1 
1.1 General information 
Site 1 is about 30 km (line distance) to the north of Alice Town at a private farm in 
Hogsback area with the name of “Collin”, which is also a locally popular brand name of 
the mineral water bottled from the farm.  Figure 1-1 shows the location and the transport 
route from University of Fort Hare through Hogsback to Site 1.  
 
Figure 1-1: Location and the transport route from Fort Hare University through Hogsback 
to Site 1. 
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The presence of the resistant sandstone-rich Katberg Formation suddenly elevated the 
topography in the north of Hogsback. Though sited on the low-lying area of the farm, the 
study site attains an elevation of around 1420 m and the mountainous area to the 
northwest of the site reaches over 1900 m, both of which are much higher than most of 
the typical Karoo terrains. Also similar to most of the Karoo area, the landscape is largely 
controlled by the dolerite intrusions. The national rainfall map (from WR90) shows that 
the mean annual rainfall in the study area is about 800 mm. However, in the high-altitude 
mountainous region in Hogsback, the local rainfall often reaches more than 1000 mm/a, 
as a result of which, the perennial Tyume River and the Tyume Dam at the middle reach 
of the river has the capacity to provide water for the whole Alice Town and all the 
villages.  
1.2 Surface water 
Site 1 is close to the boundary of the Quaternary Catchment S32D (Figure 1-2), which is 
also the boundary of delineates three catchments S (Great Kei catchment), Q (Groot Vis 
and Kap catchment) and R (Keiskammacathment, Nahoon catchment, Buffalo Catchment 
and some other small drainage systems directly flow to the sea). Two major rivers 
developed in S32D, Esk River to the east and Klipplaat River in the middle, the latter of 
which is partly fed by a stream issued from the mountainous area of dolerite sill 
northwest to the proposed drilling site. However in GIS visualization the upper reach of 
the stream is out of S32D probably due to the inaccuracy caused by map projection when 
dealing with data from different sources. The site was selected along the stream intending 
to study the interactions between the groundwater and surface water. Similar to other 
rivers developed in Hogsback area, even belonging to different primary drainage system, 
128 
 
both the stream and the Klipplaat River are perennial due to the high and whole-year-
averaged rainfall mode associated with most part of Eastern Cape (Figure 1-2).  
 
Figure 1-2: Drainage system delineation in the vicinity of Site 1 (Haili Jia, 2008). 
 
Figure 1-3: A close view of Site 1 (Google Earth). 
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To our interest, a local drainage basin is associated with the micro-geomorphology where 
the surrounding mountains form an elevated “arch” (Figure 1-3) and both the surface 
runoff and spring water is accumulated in the basin and flows towards the wide-open 
mouth of the arch. This could also give us implication on the local groundwater flow 
system in this area.  
A digital elevation model (DEM) (Figure 1-4) with the resolution of 50 m (Figure 1-4) 
was created for the study area including the Cathcart Ring using the 1: 50000 contour line 
data from Chief Directorate: Survey and Mapping. This also helps to delineate the 
drainage system. 
 
Figure 1-4: Digital Elevation Model (50 m by 50 m) for the study area of Site 1 and Site 
2 (Haili Jia, 2008). 
1.3 Geology 
The general geology of this site can be characterized as the Katberg Formation intruded 
by dolerite sills. Site 1 is close the boundary between Balfour Formation and Karberg 
Formation, both of which belong to Beaufort Group of Karoo Supergroup but different 
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Subgroups. Regarding that a large number of documents can be referred to the geology of 
Karoo Supergroup (Botha et al, 1998; Chevallier et al. 2001; Chevallier et al; 2004; 
Johnson, 2007; White, 1997; Woodford and Chevallier, 2002a, 2002b), only the two 
formations covering our study area are discussed here.  
As eastern part of the Karoo Basin, approximately 2/3 of the Eastern Cape Province is 
covered by the Beaufort Group comprising a lower Adelaide Subgroup and an upper 
Tarkastad Subgroup (Figure 1-5).  
 
Figure 1-5: Geology map showing the geological information for both Site 1 and Site 2, 
and the Cathcart dolerite ring. 
Adelaide Subgroup, especially the Balfour Formation exposes to a wide extent including 
Fort Beaufort, Alice, and the southern part of Hogsback. The lenticular channel of 
sandstone deposits inter-bedded with mudstone and shale can be very commonly found in 
Adelaide Subgroup, which indicates the meandering palaeo-river system. The Balfour 
Formation is characterized by a significantly lower sandstone percentage than the 
underlying and overlying strata and the fining-up cycle varying from several meters to 
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several ten meters, which also applies to most of the Adelaide Subgroup. The thickness of 
Balfour Formation is over 2000 m in our study area (Johnson, 2007). Significantly 
different with most of the other Beaufort Group sequence, a much higher 
sandstone/mudstone ratio is found in Katberg Formation from over 90% along the coastal 
area to about 30-35% on the northern boundary where Katberg Formation becomes 
difficult to distinguish. Statistic data from the SOEKOR boreholes shows that the 
thickness of Katberg Formation is in the range of 400 to 1100 m (Johnson, 1976). Based 
on some previous research, Johnson (1976) analyzed the sedimentary processes and 
palaeo-environments of the Beaufort Group as a “fluviatile model” of a meandering river 
system, while the only exception is with a middle member of Balfour Formation, 
Daggaboersnek Member, which is more related to an inland sea or large lake 
environment during the deposition due to the presence of ripple marks and some other 
distinctive features. 
The main Karoo Basin is associated with the enormous magma event which is data about 
180 Ma. As shown in the geology map (Figure 1-5), very few dolerite dykes can be 
identified in the southern part of the map region where the Balfour Formation outcrops. 
The site is close to the Cathcart dolerite ring with Cathcart Town located at the center. 
However, a dense network of dolerite dykes and sills is associated with the Cathcart Ring, 
indicating the complexity of the past magmatic intrusions. 
1.4 Hydrogeology 
1.4.1 Site Hydrogeology 
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No official hydrogeology data has been obtained for the site except a private borehole 
drilled in 2001 (Figure 1-6a). The borehole had excited blow yield (333 l/s according to 
the owner) during the drilling work and the owner of the farm still remember the situation 
very well. He described that the water strike occurred at 5 m below ground level and the 
piezometric level was more than 10 m higher than the ground surface when the aquifer 
was tapped. The depth of the borehole is 5 m and the rest water level is 5 m below ground. 
The owner also reported that the borehole water was tested and awarded the second 
purest groundwater in South Africa before they started their business of the bottle mineral 
water with the brand name of “Collin”. Unfortunately the owner could not tell us any 
details about the geological media of the target aquifer and they didn‟t keep the core 
logging. 
Regarding the aquifer setting of the borehole, one guess is that the aquifer is 
unconsolidated deposits associated with the river and recharge could be from the stream 
leakage and from surface infiltration-in this case we couldn‟t rely on this borehole since 
in this project the target is fractured aquifer. Another guess is that the aquifer tapped the 
weathered zone of the Katberg Formation, in which fractures are well developed and 
providing both the storage space and flow path. In the latter case, in addition to the 
aforementioned leakage and surface infiltration, recharge for the aquifer could also take 
place in the mountainous area, where dolerites with columnar joints are well exposed and 
forms the vertical infiltration path (Figure 1-6b). 
Three springs from the mountainous area feed the stream along the site. By tracing the 
stream to one of the springs, the whole way is covered by one kind of hydrophilic plant 
and the presence of boulders which were falling from the exposed dolerite on the top of 
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the mountains (Figure 1-6c). The owner also provided the information that another four 
drilling had been tried just in front of the mountain but all failed because the aiguilles fell 
into the fissures between the boulders. The exact source was not accessible but it could be 
conferred that the spring issues from the fractures of the dolerite (Figure 1-6d), other than 
most of the springs in Hogsback sourced from the contact between dolerite and the host 
rock. Based on the geology, the topography, the borehole information and the field 
observation, a local groundwater flow system could be delineated for the project, which 
could coincide with the surface flow system to some extent. 
 
Figure 1-6: The site hydrogeology. 
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For the exploration drilling, the target aquifer will be Katberg Formation. The open 
columnar joints of the dolerite outcropped on the mountainous area receive precipitation 
and part of it will infiltrates along those joints or other types of fractures to certain depth 
to recharge the groundwater reservoir of the Katberg Aquifer. The discharge area could 
be identified at the low lying area, where the groundwater area accumulated and under 
some pressure because of the overlying layers. Due to the low primary porosity in most 
of the Karoo sediments and the fracturing effect of the dolerite intrusions on the host 
rocks, the Katberg Formation in the study area is expected to be fractured, which can be 
confirmed from some well exposed Katberg Formation. Both of the dolerite and Katberg 
sandstone could serve as purification system that purifies the water flow through. 
1.4.2 Regional hydrogeology 
A regional hydrogeology could be referred to Chevallier et al (2004), in which the 
hydrogeology of Great Kei catchment is introduced and Cathcart Ring is located in the 
southern part of the catchment. As mentioned in most research reports on hydrogeology 
of the main Karoo Basin, the geology, landscape, and lithology is largely controlled by 
the presence of dolerite intrusions, especially where the dolerite dykes, rings and sills are 
densely interconnected, and in turn, the hydrogeology is influenced.  
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Figure 1-7: Map of borehole distribution in the surrounding area of both Site 1 and Site 2 
(Haili Jia, 2008). 
A simple hydrcensus from NGDB is conducted for the boreholes geographically located 
inside the Cathcart Ring. There are almost 500 groundwater points in the ring (Figure 1-
8).  
  
 
10 of these points are identified as springs with the depth of 0 or 0.01 m, mostly issuing 
from the Amatola Range that forms the southern boundary of the Cathcart dolerite ring. 
Almost all of the boreholes were constructed before 1996. Probably due to the restriction 
of drilling techniques in that time, over 50% of the boreholes were drilled to a depth of 
Figure1-8: Histogram of borehole yield and borehole depth associated with Cathcart 
Ring (Haili Jia, 2008). 
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less than 60 meters, which is not sufficient to target the water yielding portions of the 
dolerite rings (Chevallier et al, 2001). 298 boreholes have the record of yield data. The 
statistics shows that the average yield is 2.32 l/s, but it is skewed by some very high yield 
data. 50% of the yield is less than 0.92 l/s, which could be improved if the boreholes were 
properly sited and drilled to a certain depth. 
1.5 Summary 
From the previous discussion on geomorphology, surface water, geology, hydrogeology 
of Site 1, the following reasons for the selection of this site was summarized: 
As the only sand-rich formation in the whole Karoo Sequence and still under 
development, the Katberg Formation deserves more research on its groundwater 
exploration potential; 
The geomorphology of the site is ideal for groundwater exploration; 
It is close to the well-developed Cathcart Dolerite Ring, the formation of which definitely 
enhanced the fracturing intensity in the Katberg Formation. Moreover, the ring system 
itself has been confirmed by their groundwater exploration significance; 
The recharge condition is excellent with the columnar joints enhanced by weathering; 
The existing borehole provides the evidence that there is good yield of water on the site; 
The site is nearby the stream, where the study of groundwater and surface water 
interaction can be carried out; 
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The site is easily accessible for both vehicles and individuals and has enough open space 
for the drilling work; 
It is not far from Fort Hare University as a future field trip site for students; 
The owner doesn‟t have any problem if the drilling is for the purpose of research. 
The disadvantages of this site are the tracer tests, which maybe affect the mineral water 
resource using by the aforementioned bottle water factory and the future field trip with 
lots of students in their private farm, and the manager of the boreholes in future.  
2 Site 2 
2.1 General information 
Site 2 is situated about 10 km northwest to Fort Beaufort and 30 km to Alice. It is also in 
a private farm. Figure 2-1 shows the location of Site 2 and the transport route around it.  
 
138 
 
 
Figure 2-1: Location and transport of Site 2 (Source: Google Earth). 
The landscape in the vicinity of Site 2 is characterized by a narrow valley with the width 
from 300 m to 600 m situated between two mountains (dolerite outcropping at the top). 
The extent of this special landform is almost 3 km along the Kat River and Road R67. 
The elevation around this site is 450 m – 480 m for the river and 520 m – 680 m for the 
mountains, which is much lower compared with the elevation range of Site 1. This is 
because the general topography in this area is largely controlled by the sub-horizontal and 
easily-eroded Balfour Formation and the mountains at higher altitudes area mostly 
constituted by dolerite intrusions. The national rainfall map (from WR90) shows that the 
mean annual rainfall in the study area is about 500 mm. 
2.2 Surface water 
Site 2 is located close to the entrance of the quaternary catchment Q94F (Figure 2-2).  
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Figure 2-2: Drainage and river system in the study area of Site 2 on DEM (10 m by 10 m) 
(Haili Jia, 2008). 
The highlighted segment in Figure 3-10 is the main stream of the perennial Kat River, 
which is flowing through quaternary catchments Q94F to Q94F and is fed by the 
tributaries in these catchments. The Kat River provides sufficient quantities of water for 
the irrigation, household and other purposes of the farm on Site 2. Some other farms also 
largely rely on the Kat River water in the west of the study area according to our 
investigation. 
2.3 Geology 
Figure 2-3 shows the general geology of the study area of Site 2.  
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Figure 2-3: Geology map of the study area around Site 2 (Haili Jia, 2008). 
As has been mentioned, Balfour Formation and the dolerite intrusions constitute the main 
geological features in this area. Some quaternary deposits also present along the Kat 
River. Five members are identified in Balfour Formation, including Oudeberg, 
Doggaboersnek, Barberskrans, Elandsberg and Palingklloof from the bottom to the top, 
among which the Oudebergand and Barberskrans Member are sandstone-rick (Catuneanu 
et al, 20005). All the five members are expected to be delineated and the results could be 
applied in groundwater exploration.  
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Figure 2-4: The geology information around the study area of Site 2. 
The outcrop in the vicinity of Site 2 is the mudstone-dominated Doggaboersnek Member. 
Covering most of the area around Alice and Fort Beaufort, the Doggaboersnek Member 
attains a thickness of 1200 m in most places, constituting the most prominent member in 
the Balfour Formation. Generally the Doggaboersnek Member can be described as a 
sequence of lacustrine mudstone, shale, rhythmites and sandstone (Figure 2-4a) with 
wave ripples, which becomes more sandy and redder in color towards the top (Murray et 
al, 2006). Usually a thick weathered soil cover is associated with these mudrock 
dominated formations, especially in the low lying area of a catchment (Figure 2-4b). The 
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sandstones in this member mostly appear as lenticular shape and cross-bedded with 
mudstones. It is also noted that some localized sandstone, especially occurring as river 
bed, is massive in terms of bedding thickness and more like quartzite in the terms of the 
appearance and hardness (Figure 2-4c). Such sandstone could have been lightly 
metamorphosed or baked during the intrusion of dolerite. Dolerite sills are very 
commonly distributed in the surrounding area of Site 2; but the appearances of them area 
quite different. In some places the dolerite sills are massive with fractures developed and 
some others are rick in columnar joints on the top of the intrusions (Figure 2-4d). 
2.4 Hydrogeology 
It has always been a challenge to locate groundwater in mudrock dominated formations 
because of the low porosity, hydraulic conductivity and the consequent low borehole 
yield, together with the troubles that could occur during the drilling. However, as some 
researchers have proposed (Murray et al, 2006), groundwater research are particularly 
needed in the Eastern Karoo area, where most people live in rural area, and have no 
access to the clean water. Actually, some villages close to the urban area are also in water 
crisis. People get the water from the rain collecting by the roof and stored in a tank, and 
some people get the water from government boreholes (only 4 wells still working), and 
some people start to buy water or carry from the Tyume River, which is almost 20 km 
away from the village (Figure 2-5).  
Some farms to the west of the Site 2 were investigated intending to get more groundwater 
use information in the surrounding area. One of the owners (the owner of a farm named 
“AQUI”) provided quite useful information. Over ten boreholes with an average depth of 
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100 m were drilled in his farm in 1997 during a national drought. Currently only one is 
pumped at a rate of 1.0 l/s for 10 hours every data for household water because this 
borehole has both the best yield and quality. Most of the other farms still rely on the 
nearby river. 
Balfour Formation is rarely regarded as good aquifer because of the high ratio of 
mudstone to sandstone. Regarding Site 2, the main reason of the selection is the excellent 
recharge condition and discharge condition on this site. The drilling position could be 
arranged at a relatively wide place in the farm along the Kat River. The dolerite 
intrusions outcropped on both sides of the site constitutes the recharge areas with the 
well-developed columnar joints. Due to the irregular distribution of dolerite intrusions 
and without any geophysical data, the vertical distribution of the underground geology on 
this site can‟t be determined. Same as Site 1, two guesses can be made at this stage. One 
guess could be, if the underground geology is largely the typical Balfour Formation, it is 
expected to be metamorphosed by the dolerite intrusion and the secondary porosity is 
thus developed to provide the groundwater storage and flow path, it must have hydraulic 
connection with the dolerite intrusions in the recharge area, the fractures developed with 
the dolerite sills are expected to transmit water from the recharge are to the low-lying 
discharge area on Site 2 (Figure 2-6). 
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Figure 2-5: People get water from the 
River. 
 
Figure 2-6: A close view of Site 2. 
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2.5 Summary 
From the previous discussion on geomorphology, surface water, geology, hydrogeology of Site 1, 
the following reasons for the selection of this site can be summarized as follows: 
The site is associated with Balfour Formation and the research will contribute experience to the 
groundwater research in the typical formation of Eastern Karoo Basin; 
The geomorphology of the site is good for groundwater exploration; 
The recharge condition is excellent with the columnar joints enhanced by weathering; 
The site is nearby the river, where the study of groundwater and surface water interaction can be 
carried out; 
Close to University of Fort Hare as a future field trip site for student; 
The owner of the farm is keen to have borehole water since their only source of water is the Kat 
River. 
The disadvantages for this site are same to Site 1 for the big number students to their private 
farm and the management in the future, and the future study on these boreholes going to drill will 
be a big challenge to ask for the permission from the owner. 
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